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ABSTRACT 
 
DOCUMENTING MANTLE AND CRUSTAL CONTRIBUTIONS TO FLOOD 
BASALT MAGMATISM VIA COMPUTATIONAL MODELING OF  
THE STEENS BASALT, SOUTHEAST OREGON 
by 
Sylvana Juliette Bendaña 
July 2016 
 
Flood basalts are enormous volcanic events with volumes of volcanic cover and 
intrusive equivalents that are affected by and significantly affect the crust. Steens Basalt 
represents 31,800 km3 of flood basalt lavas that erupted in eastern Oregon ~16.8 Ma in 
less than 300,000 years. Analytical data of flows from a 1 km vertical exposure at Steens 
Mtn. documents time-transgressive changes in composition of two geochemically distinct 
units: (1) lower Steens, MgO-rich lavas with lower incompatible trace element 
concentrations and 87Sr/86Sr, and (2) upper Steens, MgO-poor, with higher incompatible 
trace element concentrations and 87Sr/86Sr. Results from the Energy-Constrained 
Recharge Assimilation Fractional Crystallization (EC-RAFC) computational modeling 
tool make predictions about the relative roles that magmatic processes (recharge, 
assimilation, and fraction crystallization) have in time (upsection), thus yielding estimates 
of the mantle vs. crustal mass contribution to the magmatic system. While all three 
processes are shown to be critical at Steens, results suggest sub-equal mantle-derived 
 
iii 
(magma recharge) and crustal (assimilation) input into lower and upper Steens basalts 
indicating that the fraction of inputs do not significantly change during the flood basalt 
event. In contrast, the modeled masses of crystals fractionated are significantly higher in 
the lower Steens compared to upper Steens, suggesting crustal thermal priming and 
substantial new mass added to the crust. Sub-equal mass balance of mantle and crust 
upsection doesn’t explain the more evolved character of upper Steens flows, perhaps the 
residual melt in the system has evolved with time. Also, the little variation in signature of 
the assimilant suggests the magma reservoirs shoaled to assimilate fresh crust. In support 
of the EC-RAFC results, four hypothetical magma behaviors are identified (from 
assessment of petrographic and select whole rock major and trace element data) that 
involve combinations of all magmatic processes and crystal entrainment. These behaviors 
are prevalent in the genesis of both lower and upper Steens lavas. EC-RAFC provides the 
first estimates of crustal vs. mantle mass input, as well as the first flow by flow modeling 
of geochemical changes. Additional work is needed to refine our understanding of the 
interaction between mantle and crust as the magmatic system matures. 
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CHAPTER I 
INTRODUCTION 
 Large igneous provinces (LIPs) are the result of large, episodic, volcanic events 
(Figure 1). The eruptions are mainly mafic and the provinces are typically located away 
from plate boundaries. Magmatism is thought to be produced from a mantle plume that 
starts at a thermal boundary layer within or at the base of the mantle [Hofmann, 1997a; 
Prokoph et al., 2004; Self et al., 2006]. Continental flood basalts are examples of LIPs 
that erupt on continental crust (e.g. Deccan Traps, Columbia River Flood Basalts; Borges 
et al. (2014); Self et al. (2006)) whereas the large magmatic events that happen in the 
ocean basins are termed oceanic plateaus (e.g. Ontong Java Plateau; Coffin and Eldholm 
(1994)). Typical continental flood basalt provinces have large extrusive magmatic 
volumes that come in the form of many enormous packages of stacked flows and are 
inferred to have large intrusive volumes as well [Borges et al., 2014]. The great volume 
of juvenile material added to the crust, coupled with the enormous output of various 
gases (CO2, Cl, and S), profoundly affect climate, topography, and flora and fauna 
[Hofmann, 1997b; Self et al., 2006; Sobolev et al., 2011; Borges et al., 2014]. However, 
the nature of the source components and magmatic processes (Recharge, Assimilation, 
and Fractional Crystallization: RAFC) that lead to compositional diversity among flood 
basalt lavas are not well understood. In addition, the primary source of mantle input, 
whether being “deep plume-related mantle, shallow asthenospheric mantle, or shallow, 
enriched, subcontinental lithospheric mantle” continues to be a highly debated topic 
[Carlson, 1984; Chesley and Ruiz, 1998; Wolff and Ramos, 2013]. 
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Figure 1. Location of major Large Igneous Provinces (LIPs). Modified from Jerram and Widdowson 
(2005). Circled in red is the Columbia River Flood Basalts. NAIP = North Atlantic Igneous Province. 
CAMP = Central Atlantic Igneous Province. 
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The overarching objective of this petrologic study is to understand how massive 
input of mantle-derived magma affects and is in turn affected by the crust. The focus of 
this research is to document the mantle versus crustal contribution and the evolving role 
of open-system magma processes to the flood basalt system by assessing whole-rock 
major and trace element, and isotope data from stratigraphically controlled samples of 
Steens Basalts (SE Oregon), which is the oldest member of the Columbia River Basalt 
Group [Camp et al., 2013]. These data are used as inputs for the energy-constrained 
thermodynamic modeling tool, Energy Constrained-Recharge Assimilation, Fractional 
Crystallization [Bohrson and Spera, 2001, 2003; Spera and Bohrson, 2001, 2002], where 
iterative modeling provides a set of best-fit model results that identify thermal, 
compositional, and mass characteristics of recharge magma, wall rock, and standing (i.e., 
magma that composes the primary crustal magma body) magma. This research, which 
represents the first study to integrate whole rock data and numerical modeling for the 
Steens Basalt, will test hypotheses that describe how compositional diversity evolved and 
will quantify how the relative masses of magma recharge, crustal assimilation, and 
fractional crystallization changed through time.  
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CHAPTER II 
BACKGROUND 
 
 The Columbia River Basalt Group (CRBG) is the youngest continental flood 
basalt province (16.78-6 Ma; Wolff and Ramos (2013)) on Earth. Most of the lava 
erupted between 16.78 and 16 Ma and is called the main phase of CRBG volcanism; 
included in this period of eruption are THE Steens, Imnaha, and Grande Ronde 
formations [Jerram and Widdowson, 2005; Wolff et al., 2008; Wolff and Ramos, 2013]. 
The CRBG is a small LIP compared to most (~206,000 km3 of tholeiitic and alkalic 
basalt, basaltic andesite, and andesite that covers parts of Oregon, Washington, and Idaho 
[Camp and Ross, 2004; Wolff et al., 2008; Ramos et al., 2013]. Nonetheless, its 
accessibility, large chemical and isotopic diversity, moderate size and volume, and 
geologic setting have enabled scientists to comprehensively study petrologic and 
geochemical variability, with the goal of documenting the evolution of source 
components and key magmatic processes. The CRBG is indeed one of the best-studied 
LIP provinces on Earth [Chesley and Ruiz, 1998; Jerram and Widdowson, 2005; Wolff 
and Ramos, 2013].  
 While not originally defined as a part of the CRBG, the Steens Basalt is now 
recognized as the oldest unit of the flood basalt province (Figure 2) [Camp et al., 2013; 
Carlson and Hart, 1987; Hooper et al., 2002; Jarboe et al., 2008]. Covering about 53,000 
km2 of what is now Oregon, Nevada, and Idaho; 31,800 km3 of Steens basalts erupted 
onto the Oregon Plateau (Figure 2) [Camp et al., 2013].  
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 Flows vary from aphyric to phyric with giant plagioclase up to several cm in 
length, similar to those seen in the Deccan and Emeishan LIPs [Johnson et al., 1998; 
Cheng et al., 2014]. Only one magnetic polarity change occurred, from reverse to normal 
ca. 16.73+0.13/−0.08Ma during eruption of the Steens lavas [Jarboe et al., 2010].  Just 
prior to this polarity change, a transition in the geochemical composition from a more 
primitive (designated as lower Steens) to a more evolved magma signature (upper Steens) 
occurred [Mankinen et al., 1985; Johnson et al., 1998; Camp and Ross, 2004; Jarboe et 
al., 2008, 2010]. At Steens Mountain in SE Oregon, a major Basin and Range fault scarp 
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Figure 2. Map of the extent of the Columbia River Flood Basalts. Solid red line is 
approximate areal extent of Steens Basalt, which likely extends north under younger 
Columbia River Flood Basalt units; dashed black line is upper Steens. Modified from Camp 
& Ross (2004) and Camp & Hanan (2008). MC = McDermitt Caldera; WSRP = Western 
Snake River Plain. (B) - Schematic regional stratigraphy for the main phase lavas of the 
Columbia River Flood Basalts. Modified from Camp & Hanan (2008) and Wolff & Ramos 
(2013). Paleomagnetic stratigraphy and Steens Reversal (SR) from Jarboe et al. (2008; 
2010).  
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provides almost 2000 m of relief over the Alvord Desert, revealing one of the world’s 
thickest single exposures of middle Miocene basalt [Johnson et al., 1998].  No or modest 
soil development between flows in the lower and upper Steens indicates moderate to high 
effusion rates, which in turn, means this enormous stack of flows records changes to the 
underlying magma system in high resolution [Camp et al., 2013]. Flow by flow changes 
lend insight into the role played by open- and closed-system magmatic processes such as 
magma recharge, crustal assimilation and fractional crystallization (abbreviated as 
RAFC) that produced most of the variation in geochemical signatures. This section 
summarizes data on the CRBG, Steens Basalt, hypotheses regarding the origin of the 
magmas of the CRBG, and open- and closed- system magmatic processes, and 
computational modeling. 
 
Columbia River Flood Basalt Province 
 
 The CRBG erupted in a complex tectonic setting: the NNE- to NNW-striking dike 
swarms that fed them are concentrated on crust of accreted Paleozoic and Mesozoic 
terranes adjacent to the North American craton in eastern Washington, Oregon and 
adjacent Idaho and Nevada. This portion of North America lies east of the Cascadia 
subduction zone and broadly at the margins of Basin and Range extension, overlapping 
the Oregon Plateau [Carlson and Hart, 1987; Hooper et al., 2002; Wolff and Ramos, 
2013]. The NNE and NNW orientation of the vertical Steens, Chief Joseph, and 
Monument dike swarms (Figure 2) indicates that extension was oriented approximately 
east-west during eruption of the CRBGs (Figure 2) [Hooper et al., 2002]. The tholeiitic 
Steens basalts conformably overlie early Miocene and Oligocene intermediate 
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composition, calc-alkaline, and mildly alkaline volcanic rocks [Hooper et al., 2002; 
Eagar et al., 2011] 
 The CRBG flood basalt province is subdivided into 6 major groups (Figure 2): 
Steens, Imnaha, Grande Ronde, Picture Gorge, Wanapum (not shown), and Saddle 
Mountain (not shown) [Swanson et al., 1979; Camp et al., 2013; Wolff and Ramos, 2013]. 
Flood basalt volcanism initiated with the Steens, which erupted in southeast Oregon ca. 
16.78 Ma from a NNE-striking dike swarm. While the Steens were still pouring out, 
along with northward migration of the dike swarms in time, volcanism advanced into NE 
Oregon with the eruption of the Imnaha unit ca. 16.5 Ma, which shares similar effusion 
rates and geochemical characteristics—less evolved, higher MgO/FeO content—with the 
Steens [Carlson, 1984]. 
 The next unit, Grande Ronde, is the largest (~150,000 km3), comprising ~85% of 
the total extrusive volume. It erupted onto the Columbia Plateau between 16.5-15.9 Ma 
from the Chief Joseph Dike swarm [Carlson, 1984; Hooper et al., 2002; Jarboe et al., 
2008; Ramos et al., 2013]. Compared to Steens Basalt, the Grande Ronde is higher in 
SiO2 (wt. %) and incompatible trace element concentrations and lower in compatible 
trace element concentrations and MgO (wt. %) [Carlson, 1984]. The relatively small 
Picture Gorge unit (2,400 km3) erupted concurrently with the Grande Ronde onto the 
Oregon Plateau and shares similar geochemical characteristics with the Imnaha unit 
[Carlson, 1984]. Subsequently, the Wanapum formation erupted ca. 15-14 Ma and 
comprises only ~ 5% of the CRBG volume [Ramos et al., 2013]. The Wanapum basalt is 
mostly similar to the evolved flows of the Grande Ronde but displays distinctly higher 
TiO2 and P2O5 [Carlson, 1984]. Following the extrusion of these five units onto the 
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Oregon and Columbia Plateaus, flood basalt volcanism waned and the smaller volume 
Saddle Mountain basalts proceeded to erupt over the course of approximately six million 
years (ca. 13.5-6 Ma) [Carlson, 1984; Ramos et al., 2013]. 
 
Steens Basalt 
 
Geologic Setting and Volcanic History 
 
 
 The tholeiitic to mildly alkalic lavas of the Steens Basalt were generated in a 
back-arc setting where the crust consists of Mesozoic plutons and Paleozoic to Mesozoic 
terranes (e.g. ophiolite sequences, amphibolites, and a plutonic arc complex) with 0.7040 
˃ 87Sr/86Sr ˃ 0.7060 that accreted onto Precambrian North America, creating a sutured 
boundary (Figure 3). 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Illustration of the cross-section of Oregon. Shown are the accreted 
terranes, Paleozoic North America, the Columbia River Flood Basalts (CRBG) 
flows, the Cascade Range, and other formations.  
https://geologictimepics.com/ 
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 There was also pre-Miocene calc-alkaline volcanism of intermediate to silicic 
composition associated with the subduction of the Farallon Plate beneath North America 
[Hart and Carlson, 1987; Leeman et al., 1992; Harper et al., 1994; Eagar et al., 2011; 
Starkel, 2014].  The inception of extensional tectonism in the Basin and Range Province, 
which began in the southwest United States and migrated northward started ca. 15-25 Ma 
[McQuarrie and Wernicke, 2005]. Basin and Range magmatism was driven by effects of 
the plate boundaries with the exception of asthenospheric upwelling related to extension 
[McQuarrie and Oskin, 2010]. Thus the andesites that were produced were either related 
to the active volcanic arc, or possibly were a product of the earliest stage of extension in 
the northern Basin and Range (~24-19 Ma [Carlson and Hart, 1987; Hart and Carlson, 
1987; McQuarrie and Oskin, 2010]). Following a short hiatus in activity, significant 
volumes of the CRBG were extruded. Succeeding eruptions of the main-phase lavas of 
the CRBG on the Oregon Plateau, which is the northernmost point of the Basin and 
Range province, experienced NW-SE extension from 14-6 Ma. The crustal thickness 
varies in SE Oregon, from an estimated 25-30 km underneath the Steens Mountain region 
to 30-35 km under the Owyhee Plateau (Figure 2 and 4). Southeast Oregon seems to be a 
reactivation of a zone of structural weakness focused at the boundary between accreted 
terranes and cratonic crust, suggesting the Steens dike swarm exploited this weakness in 
the crust, making the Steens Mountain shield volcano the locus of eruption for the Steens 
Basalt ca. 16.7 Ma [Hart and Carlson, 1987; Eagar et al., 2011; Camp et al., 2013; 
Reidel et al., 2013]. This reactivation is oriented along the same NNE trend as the 
elongated axis of the Steens Mountain shield volcano and corresponding Steens dike 
swarm, producing abundant NNE-trending normal faults characterized by vertical 
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displacements of up to 2 km [Hart and Carlson, 1987; Johnson and Grunder, 2000; 
Camp et al., 2013]. Most important to this project is the Steens Mountain fault block that 
exposes up to 200 flows of Steens Basalt.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Tectonic and geologic map of the Pacific Northwest (modified after Eagar 
et al., 2011. Shown is the Juan de Fuca plate (JdF), North American plate (NA),  the 
Cascade Volcanic Arc, McDermitt caldera (MC), Jordan Craters (JC), Diamond 
Craters (DC), Newberry Volcano (NB), Steens Mountain escarpment (SM), Harney 
Basin (HB), Brothers Fault Zone (BFZ), Oregon‐Idaho graben (OIG), Monument 
dike swarm (MDS) and Chief Joseph dike swarm(CJDS)  and other geologic 
provinces are labeled (Owyhee Plateau outlined in blue box). Steens Basalts and 
Columbia River flood basalt are shown as light brown shaded regions with their 
associated dike swarms[after Camp and Ross, 2004]. Also labeled are 87Sr/86Sr 
isopleths of 0.704 and 0.706 (“0.704” and “0.706” lines) are symbolized by black 
dashed lines.  
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Flows, erupted during a ≤ 300 kyr time window, encompass a magnetic polarity 
reversal (R0 to N0), the age of which is best estimated to 16.67 +0.13/ -0.08 0.25 Ma 
[Brueseke et al., 2007; Jarboe et al., 2010, 2011; Wolff and Ramos, 2013]. Mankinen et. 
al (1985) document a section of transitional polarity flows ~160 m thick, separating the 
lower R0 flows from the overlaying N0 flows. The compositional stratigraphic boundary 
between the lower and upper Steens Basalts at Steens Mountain lies approximately 300 m 
beneath the geomagnetic polarity transition, thus all of the lower Steens and some of the 
upper Steens basalt flows lie in the R0 polarity [Mankinen et al., 1985; Johnson et al., 
1998; Camp et al., 2013]. Individual flows exposed of the Steens Basalt are generally 
thinner (1-10 m) than those of other units of the CRBG (15-50 m in thickness) [Johnson 
et al., 1998; Self et al., 2006; Camp et al., 2013]. Compound pahoehoe flows dominate 
the Steens Basalt, but a’a flows are not uncommon. The lower Steens are thickest at 
Steens Mountain, and comprise 35-40 mainly compound flows [Bondre and Hart, 2008; 
Camp et al., 2013] that display ample evidence of inflation, vesiculation bands and bands 
with different phenocryst content [Bondre and Hart, 2008; Camp et al., 2013]. Moderate 
effusion rates at the onset of volcanism were followed by higher effusion rates, as 
demonstrated by modest soil development between the lowest flows transitioning to a 
lack of soil development upwards. Effusion rate waned near the end of Steens Basalt 
emplacement, apparent from stronger soil development between the upper Steens flows 
[N. Moore, pers. communication; Bondre and Hart, 2008; Camp et al., 2013]. Estimated 
accumulation rates for Steens Basalt sections range from 0.02 m/yr. to 0.043 m/yr. for a 
section of 150 m or more in thickness [Mankinen et al., 1985; Camp et al., 2013]. The 
rate of accumulation is variable as shown by the differences in the amount of soil 
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development upsection. Thus, assuming accumulation rates closer to the minimum of 
0.02 m/yr., the roughly 1 km sequence of Steens Basalt would have been emplaced in 
~47,500 years. The associated volumetric effusion rate is therefore 0.67 km3/yr. for a 
large portion of the erupted Steens basalt flows [Mankinen et al., 1985; Clement, 2004; 
Camp et al., 2013]. Moreover, it is likely that there were lingering eruptions and that 
eruptions did not begin simultaneously on the Oregon Plateau; thus, the total duration of 
Steens volcanism was likely more than 50 kyr but no longer than 300 kyr [Mankinen et 
al., 1985; Jarboe et al., 2011; Camp et al., 2013]. 
 
Petrography and Chemistry of Steens Basalt 
 
 The Steens Basalt flows vary from aphanitic to diktytaxitic to porphyritic basalts, 
trachy basalts, and basaltic trachyandesites ranging in SiO2 from 48-56 wt. % [Camp et 
al., 2003; Brueseke et al., 2007].  Phenocryst abundances range from ≤15% olivine + 
pyroxene, with plagioclase megacrysts (up to 6 cm long dimension) making up to 50 % 
of the mode for a few flows throughout the sections [Johnson et al., 1998; Wolff and 
Ramos, 2013].  Unlike the rest of the CRBG, Steens flows vary petrographically and 
compositionally (e.g., plagioclase phyric flows interbedded with nearly aphyric olivine 
basalts) [Johnson et al., 1998]. Intra-flow variation is common with differences in 
plagioclase phenocryst mode from 1-25 vol. % [Johnson et al., 1998]. Johnson et al. 
(1998) suggested these intra-flow variations indicate pulses of magmatism. Grouping 
flows by petrographic characteristics is difficult. For some flows, mineral abundance is 
the (apparent) reason for variations in major- and trace-element chemistry, whereas for 
other flows, mineral abundances cannot explain the geochemical characteristics.  
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 Steens lavas are subdivided into two units based on composition. The lower 
Steens flows are more primitive in composition (as compared to upper Steens), as shown 
by higher concentrations of MgO (4.43-12.02 wt. %), fairly homogeneous and lower 
concentrations of incompatible trace elements such as La (7.20- 21.11 ppm) and 
generally lower 87Sr/86Sr (0.7033-0.7038) [Johnson et al., 1998; Camp et al., 2013]. 
Compositional scatter increases up-section through the upper Steens, which has a more 
evolved signature characterized by a higher concentration of rare-earth elements, lower 
MgO (3.15-10.66 wt. %) and higher 87Sr/86Sr (0.7035-0.7041) [Johnson et al., 1998; 
Camp et al., 2013]. 
 
Mantle Plume and Alternative Hypotheses for the Origin of Primary Magmas 
 The high effusion rates needed to produce these voluminous and extensive flood 
basalt provinces cannot be explained by normal plate-boundary processes [Camp et al., 
2013]. The thermal anomalies that produce flood basalt provinces are long-lived, and 
during their early stages of impingement against the lithosphere, are capable of 
extraordinarily high rates of melt production [Jerram and Widdowson, 2005]. The 
combined eruption rate of the CRBGs main phase lavas (Steens, Imnaha, and Grande 
Ronde) is estimated at an average of ~0.137 km3/year. To give context, in about 1.6 
million years, approximately 220,500 km3 of basalt was erupted onto the Earth’s surface 
[Camp and Hanan, 2008]. The origin of these thermal anomalies remains a controversial 
issue. Two main hypotheses have emerged, ‘plume’ vs ‘non-plume’, with both using 
geophysical and geochemical data as support [Jerram and Widdowson, 2005; Camp, 
2013]. 
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 The first model attributed the origin of the CRBGs to shallow-mantle melting 
associated with back-arc extension [Camp, 2013]. Later models suggested that melting in 
the upper mantle was triggered by dynamic rifting (torsional stress of the continental 
crust), lithospheric delamination, or upper mantle convection [Meyer et al., 2007; Pierce 
and Morgan, 2009]. These shallow-mantle models contradict the traditional view that 
deep mantle plumes generated flood basalt provinces. However, these models are 
embraced by many who advocate a non-plume origin for most oceanic plateaus, 
continental flood basalt provinces, and hotspot tracks. 
 Camp et al. (2013) suggested that the CRBG province and its associated 
petrochemical characteristics were derived from partial melting and mixing of two 
components [Camp et al., 2013]. One is a melt of relatively depleted asthenospheric 
mantle (e.g., MORB), and the second has been attributed to either an uncontaminated 
mantle plume [Brandon and Goles, 1988; Hooper and Hawkesworth, 1993; Camp and 
Hanan, 2008; Wolff and Ramos, 2013] or a mantle plume contaminated by pelagic 
sediment [Carlson, 1984; Carlson and Hart, 1987]. The isotopic data of certain 
mainphase units e.g. Steens basalts as shown by 87Sr/86Sr and 143 Nd/144Nd plotted against 
206Pb/204Pb as well as 207Pb/206Pb plotted against 208Pb/206Pb in Figure 5 range between 
Pacific MORB (Pac-MORB) and Imnaha Component (IC) [Wolff and Ramos, 2013]. 
Generally, the data lie on or between the 35%, 25%, and 15% mixing lines between Pac-
MORB and IC of Wolff and Ramos, 2013 (Figure 5).  
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Figure 5. Plots of whole rock isotopic Sr, Nd, and Pb variations and mixing lines 
between inferred mantle sources of Imnaha Component (IC) and depleted mantle 
(Pac-MORB)(modified after Wolff and Ramos, 2013. a. 87Sr/86Sr vs. 206Pb/204Pb 
b. 143Nd/144Nd vs. 206Pb/204Pb. c.  207Pb/206Pb vs. 208Pb/206Pb. Data from [Carlson, 
1984; Johnson et al., 1998; Wolff et al., 2008; Camp et al., 2013; Wolff and 
Ramos, 2013]. Symbols in gray and black are Imnaha basalt (IB LAB, UAB, RC), 
Grande Ronde basalt (GRB: R1, N1, R2, N2, U), and Picture Gorge basalt (PGB). 
Red filled and unfilled triangles denote isotopic data of upper and lower Steens 
basalt from Wolff and Ramos (2013). Orange filled and unfilled triangles, red ‘x’ 
and ‘-‘, orange ‘-‘ and green circle denote isotopic data of upper and lower Steens 
basalt from  this study(discussed in Chapter IV) as well as from. Reproducibility 
of TIMS analyses for 87Sr/86Sr and is ±0.00001. Reproducibility of 143Nd/144Nd is 
±0.000006. Reproducibility of 206Pb/204Pb, 207Pb/206Pb, and 208Pb/206Pb is ±0.001, 
±0.001, ±0.00004. All reproducibilities are smaller than the size of the symbols. 
c 
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 Initially, scientists working on Yellowstone dismissed the mantle plume 
hypothesis for the generation of Columbia River Basalts due to the failure of seismic 
studies to identify a mantle anomaly extending >500 km beneath Yellowstone National 
Park [Pierce and Morgan, 2009; Camp, 2013]. However, recent tomographic studies 
have imaged a thermal mantle anomaly beneath Yellowstone extending to a depth of at 
least 500 km and more recently discovered, to a depth of 900-1000 km [Pierce and 
Morgan, 2009; Obrebski et al., 2011]. The tomography also indicates the interpreted 
mantle plume has woven a path around a region of high-velocity material, interpreted to 
be fragments of the subducted Farallon-Juan de Fuca slab [Camp, 2013].  
 The widely accepted plume component is further supported by elevated 3He/4He 
ratios—best seen in the Imnaha basalts— which are 11.4 ± 0.7 times the atmospheric 
ratio Ra; such ratios are significantly elevated compared with MORB, which has 
3He/4He 
ratios of 8 ± 0.7 Ra [Dodson et al., 1997; Graham et al., 2009; Camp, 2013]. These 
elevated 3He/4He ratios are typically considered to be robust indicators of a deep-mantle 
source [Camp, 2013]. Furthermore, Camp et al. (2013), documents a plume component as 
a source for Steens primary magmas using 176Hf/177Hf  data from a few Steens and 
Imnaha Basalt samples, suggesting that component is diluted with a small amount of 
recycled oceanic lithosphere and pelagic sediment [Figure 6; Geldmacher et al., 2003; 
Hooper et al., 2007; Camp et al., 2013]. Cabato et al. (2015) uses the correlation of high 
Ba/Th and Ba/La along with high H2O concentrations in olivine and plagioclase- hosted 
melt inclusions from the CRBG lavas in eastern Oregon and Washington to conclude that 
the volatiles originated from a subduction zone. Cabato et al. (2015) suggested that the 
Yellowstone plume head interacted and remobilized residual H2O from the subducted 
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Farallon slab to create the primary flood basalt magmas. While the work here does not 
directly address the argument about various mantle sources, it does lend insight into how 
much geochemical variability might instead be accounted for through open-system 
magmatic processes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Diagram of 176Hf/177Hf vs. 143Nd/144Nd with three Steens 
samples and 1 Imnaha sample (circled in red) shown relative to Pacific 
MORB [Hanan and Schilling, 1989], C-like Yellowstone Plume [Camp 
and Hanan, 2008; Hanan et al., 2008], Snake River Plain [Nash et al., 
2006; Camp et al., 2013], Pacific-type Pelagic Sediment [White et al., 
1986; Ben Othman et al., 1989], and Archean Wyoming-type Craton 
[Vollmer et al., 1984; Hanan, 2007]. Modified after [Camp et al., 2013]. 
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Open- and Closed- System Magmatic Processes 
 
 To obtain more information on the petrologic history of the system, studies were 
done on plagioclase-hosted melt inclusions from select samples of lower Steens basalts 
and then compared to melt inclusions from oceanic lavas [Johnson et al., 1996, 1998]. 
The plagioclase-hosted melts in the continental basalts differ from the trapped melts in 
oceanic basalts because the analyzed lower Steens sample exhibits a narrow range of 
compositions and is more evolved than the host rock indicating a well-mixed, shallow 
system [Johnson et al., 1998]. Most plagioclase crystals from samples studied from the 
CRBG in Ramos et al. (2005) are evolved, displaying moderate (Ca/(Ca + Na) ratios; 
however, there are plagioclase crystals with cores that exhibit greater anorthite content of 
An65 to An73, suggesting growth at pressures ˂1 GPa [Ramos et al., 2005, 2013]. MELTS 
models, using magmatic water content of 0-2 wt. %, define a crystallization zone at ~0.1-
0.5 GPa to produce the observed, relatively calcic plagioclase [N. Moore, pers. 
communication; Johnson et al., 1998; Ramos et al., 2005]. This is consistent with the 
suggestion of Caprarelli and Reidel (2004) and Johnson et al. (1996;1998) that 
phenocrysts crystallized in a middle to upper crustal magma chamber that was a well-
mixed, open magmatic system. Ramos et al. (2005) used in situ plagioclase and 
groundmass 87Sr/86Sr to calculate the diffusional length scales of Sr, which constrains 
maximum crystal residence times to 5-50 years. The short residence times implicate 
“rapid modification of magmatic Sr isotopes and/or crystal transfer” between coexisting 
magmas with differing compositions [Ramos et al., 2005]. Furthermore, high H2O 
contents in some olivine-hosted melt inclusions support the hypothesis that magmas had 
short residence time in the shallow crust [Cabato et al., 2015]. Since H2O can diffuse and 
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escape an inclusion within days, the observed concentrations in the magmas analyzed 
suggest that the magmas could not have lingered in the crust after degassing [Demouchy 
and Mackwell, 2003; Cabato et al., 2015]. 
 Fractional crystallization of a parental magma for the lower Steens and simple 
fractionation of lower Steens magmas to produce the upper Steens magmas is not the sole 
process that produced these flows as shown by the broadness of major and trace element 
trends along crystallization trajectories; in addition, upper Steens flows consistently have 
higher concentrations of incompatible trace elements despite having similar Mg# 
(100*Mg 2+/(Mg2+ + Fe2+)) as lower Steens lavas [Camp et al., 2003]. The geochemical 
characteristics point to variable parental magmas undergoing fractional crystallization of 
primitive magmas accompanied by open-system processes [Camp et al., 2003; Brueseke 
et al., 2007]. The degree of crustal assimilation increases up section in the Upper Steens 
lavas as advocated by [Carlson and Hart, 1987; Camp et al., 2003, 2013]), based on 
relatively high concentrations of K2O and large ion lithophile elements (LILE) with 
respect to the high field strength elements (HFSEs) (e.g. Ba/Zr). The concentrations of 
LILE (Ba, Rb, K, and Sr) in upper Steens are about double those of lower Steens basalts 
[Camp et al., 2003]. Furthermore, Carlson and Hart (1987) and Camp et al. (2003) note 
two distinct but parallel trends in TiO2/P2O5 ratios between lower Steens and upper 
Steens, suggesting derivation of these units from different sources [Carlson and Hart, 
1987; Camp et al., 2003]. Radiogenic isotope studies suggest Steens magmas were 
influenced by two mantle components: plume and Pacific MORB asthenosphere 
[Johnson et al., 1998; Wolff et al., 2008; Ramos et al., 2013]. Crustal assimilation 
through partial melting of Mesozoic accreted terrane is also implicated by radiogenic 
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isotopes [Chesley and Ruiz, 1998; Johnson et al., 1998; Wolff et al., 2008; Camp et al., 
2013]. 
 
Energy Constrained-Recharge, Assimilation, Fractional Crystallization (EC-
RAFC) Modeling 
 
 EC-RAFC [Bohrson and Spera, 2001, 2003; Spera and Bohrson, 2001, 2002] is 
an energy and mass constrained trace element and isotopic modeling tool that describes 
the open-system behavior of crustal magma bodies. EC-RAFC tracks the evolution of 
trace element and isotopic characteristics of the magma body undergoing R (Recharge of 
mantle-derived basalts), A (Assimilation of crust), and FC (Fractional Crystallization) as 
these approach thermal equilibrium [Spera and Bohrson, 2002]. What makes EC-RAFC 
unique compared to earlier models is that the energy and mass are exchanged and 
conserved [Bohrson and Spera, 2003]. A magmatic system modeled by EC-RAFC is 
composed of three parts: a standing magma body, wall rock that may produce anatectic 
melt, and a thermally and chemically distinct magma recharge reservoir [Spera and 
Bohrson, 2002; Bohrson and Spera, 2003] (Figure 7).  
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 The user inputs thermal and compositional parameters for all three sub-systems.  
During an RAFC event, recharge and wall rock melts are assumed to flow into and 
homogenize with the standing magma reservoir. As a result of fractional crystallization, 
cumulates produced are in equilibrium (isotopic and trace element) with the magma 
[Spera and Bohrson, 2001].  If the liquidus temperature of recharge magma is higher than 
the local temperature of the standing magma, a portion of recharge melt crystallizes, 
producing enclaves. The coupled differential equations that comprise EC-RAFC self-
consistently track the thermal characteristics, masses and compositions of the solids and 
Figure 7. Diagram of thermodynamic approach to RAFC processes in the 
composite magma system. See text for discussion. Modified after [Spera and 
Bohrson, 2002]. 
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melt as the standing magma, assimilant and recharge melt reach thermal equilibrium 
[Spera and Bohrson, 2001; Bohrson and Spera, 2003]. The model solutions are used to 
develop quantitative predictions of relative masses and compositions of mantle vs. crustal 
input, including magma body melt and crystals (e.g., magma body cumulates), wall rock 
melt and solids, and melt and solids (e.g., enclaves) associated with recharge [Fowler et 
al., 2004]. 
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CHAPTER III 
METHODS 
Field Work and Sample Collection 
 Samples utilized for this study include 73 lava flow samples from (in order of 
increasing elevation in transect) the Little Alvord, Pike Creek, Wildhorse Canyon, and 
Steens Mountain summit sections making up the JJ transect, collected by Jenda Johnson 
[Johnson et al., 1998]. Today only 35 upper Steens lava flow hand-samples are left from 
the original field session. An additional 56 lava samples were collected in Kiger Gorge, 
which is approximately 9 km north of Wildhorse Canyon (Figure 8) during a field 
excursion conducted in September 2014. Sample collection in 2014 also included nine 
samples from the Steens Summit region that replaced some samples from the Johnson et 
al. (1998) upper Steens collection that had little or no remaining material.  Sample suites 
from both Wildhorse Canyon and Kiger Gorge represent stratigraphic sections, and all 
accessible discrete lava flow units and dikes were collected (Tables 1, 2, and 3). The 
Wildhorse Canyon sample suite began at an elevation of 1975 m on the east-facing side 
of Steens Mountain. The first sample, which signifies the base of the lower Steens, has 
abundant coarse plagioclase phenocrysts and is exposed on top of a rhyolitic unit 
belonging to a sequence of altered calc-alkaline lava flows and ash-flow tuffs [Johnson et 
al., 1998]. The Kiger Gorge sample suite began at an elevation of 2378 m. Based on 
previous studies, the bottom of the Kiger Gorge stratigraphic section begins within the 
upper Steens. 
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Figure 8. (a) Locations of samples collected during field excursion to the Steens 
Mountain region conducted in September, 2014. Boxes labeled b and c show detailed 
locations. (b) Sample locations for Steens Mountain summit; (c) Sample locations for 
Kiger Gorge. Map provided by Megan Graubard (pers. comm.). 
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Section* Area
#
Elevation 
(m)
Flow Sample
Rock name (Le 
Maitre et al., 2002)
Lower
Little Alvord 
Creek and Pike 
Creek
1975 JJ1 MF9463 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
1995 JJ2 MF9464 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
1996 JJ3 MF9465 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
1997 JJ4 MF9466 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek Repeat
2000 JJ5 NMSB-5 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek Repeat
2008 JJ6 NMSB-6 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek Repeat
2028 JJ7 NMSB-7 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek Repeat
2028 JJ8 NMSB-8 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2033 JJ9 MF9467 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek Repeat
2042 JJ10 NMSB-9 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2057 JJ11 JS1 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek Repeat
2065 JJ12 NMSB-13 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2070 JJ13 MF9470 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2073 JJ14 MF9468 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek Repeat
2075 JJ15 NMSB-11 Basalt
TABLE 1. STRATIGRAPHY OF SAMPLES COLLECTED IN THE JJ 
TRANSECT, STEENS MOUNTAIN REGION
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Lower
Little Alvord 
Creek and Pike 
Creek
2076 JJ16 MF9469 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2085 JJ17 MF9471a Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2085 JJ18 MF9471b Basalt
Lower
Little Alvord 
Creek and Pike 
Creek Repeat
2086 JJ19 NMSB-14 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2088 JJ20 MF9471c Basalt
Lower
Little Alvord 
Creek and Pike 
Creek Repeat
2094 JJ21 NMSB-15 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek Repeat
2097 JJ22 NMSB-17 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek Repeat
2098 JJ23 NMSB-18 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek Repeat
2100 JJ24 NMSB-16 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2100 JJ25 MF9472 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2115 JJ26 JS2 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2121 JJ27 JS3 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek Repeat
2121 JJ28 NMSB-19 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2128 JJ29 JS4 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2129 JJ30 JS5 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2132 JJ31 JS6 Basalt
TABLE 1. CONTINUED
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Lower
Little Alvord 
Creek and Pike 
Creek
2137 JJ32 JS7 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2140 JJ33 JS8 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2141 JJ34 JS9 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2149 JJ35 JS10 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2152 JJ36 JS11 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2153 JJ37 JS12 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2158 JJ38 JS13 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2161 JJ39 JS14 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2170 JJ40 JS15 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2173 JJ41 JS16 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2195 JJ42 JS17 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2205 JJ43 JS18 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2213 JJ44 JS19 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek Repeat
2216 JJ45 NMSB-20A Basalt
Lower
Little Alvord 
Creek and Pike 
Creek Repeat
2219 JJ46 NMSB-21 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2219 JJ47 JS20 Basalt
TABLE 1. CONTINUED
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Lower
Little Alvord 
Creek and Pike 
Creek
2240 JJ48 JS21 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2249 JJ49 JS22 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2262 JJ50 JS23 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2277 JJ51 JS24 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2286 JJ52 JS25 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2301 JJ53 JS26 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2304 JJ54 JS27 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2316 JJ55 JS28 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2316 JJ56 JS29 Basalt
Lower
Little Alvord 
Creek and Pike 
Creek
2316 JJ57 JS30 Basalt
Upper
Wildhorse 
Canyon
2310 JJ58 JS31 Basalt
Upper
Wildhorse 
Canyon
2321 JJ59 JS32 Trachybasalt
Upper
Wildhorse 
Canyon
2329 JJ60 JS33 Trachybasalt
Upper
Wildhorse 
Canyon
2347 JJ61 JS34 Basalt
Upper
Wildhorse 
Canyon
2362 JS35 (dike)** Basalt
Upper
Wildhorse 
Canyon
2362 JJ62 JS36 Basalt
Upper
Wildhorse 
Canyon
2368 JJ63 JS37 Trachybasalt
Upper
Wildhorse 
Canyon
2384 JJ64 JS38 Basalt
Upper
Wildhorse 
Canyon
2393 JJ65 JS39 Trachybasalt
Upper
Wildhorse 
Canyon
2432 JJ66 JS40 Basalt
TABLE 1. CONTINUED
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Upper
Wildhorse 
Canyon
2475 JS42 (dike) Basalt
Upper
Wildhorse 
Canyon
2469 JJ67 JS41 Trachybasalt
Upper
Wildhorse 
Canyon
2505 JJ68 JS43 Basalt
Upper
Wildhorse 
Canyon
2557 JJ69 JS44 Basalt
Upper
Wildhorse 
Canyon
2573 JJ70 JS45 Basalt
Upper
Wildhorse 
Canyon
2597 JJ71 JS46 Basalt
Upper
Wildhorse 
Canyon
2603 JJ72 JS47 Trachybasalt
Upper
Wildhorse 
Canyon
2606 JJ73 JS48 Trachybasalt
Upper
Wildhorse 
Canyon
2609 JJ74 JS49 Basalt
Upper
Wildhorse 
Canyon
2615 JJ75 JS50 Basalt
Upper
Wildhorse 
Canyon
2609 JJ76 JS51 Basalt
Upper
Wildhorse 
Canyon
2621 JJ77 JS52 Trachybasalt
Upper
Wildhorse 
Canyon
2649 JJ78 JS53 Basalt
Upper
Wildhorse 
Canyon
2661 JJ79 JS54 basalt
Upper
Wildhorse 
Canyon
2676 JJ80 JS55 Basalt
Upper
Wildhorse 
Canyon
2679 JJ81 JS56 Trachybasalt
Upper
Wildhorse 
Canyon
2697 JJ82 JS57 Trachybasalt
Upper
Wildhorse 
Canyon
2737 JJ83 JS58 Basalt
Upper
Wildhorse 
Canyon
2765 JJ84 JS59 Trachybasalt
Upper
Wildhorse 
Canyon
2786 JJ85 JS60 Trachybasalt
Upper
Wildhorse 
Canyon
2816 JS62 (dike) Basalt
Upper
Wildhorse 
Canyon
2804 JJ86 JS61 Basalt
Upper
Wildhorse 
Canyon
2841 JJ87 JS63 Basalt
Upper
Wildhorse 
Canyon
2841 JJ88 JS64 Basalt
Upper
Wildhorse 
Canyon
2847 JJ89 JS65 Trachybasalt
TABLE 1. CONTINUED
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Upper
Steens Mtn 
Summit Repeat
2880 JJ90 ***STM 9 Basalt
Upper
Wildhorse 
Canyon
2865 JJ91 JS66 Basalt
Upper
Steens Mtn 
Summit Repeat
2914 JJ92 STM 1c Basalt
Upper
Steens Mtn 
Summit 
2921 JJ93 STM 4 Basalt
Upper
Steens Summit 
Repeat
2939 JJ94 STM 6 Trachybasalt
Upper
Steens Mtn 
Summit
2963 JJ95 JS72
Basaltic 
Trachyandesite
*Lower = lower Steens, Upper = upper Steens; **Dikes are not given a flow number, due 
to difficulty in determining its stratigraphic relationship with the flows. 
#
For more details 
on the JS sample collection, see Johnson et al. (1998). ***STM samples replace lost JS 
samples, collected by author.
TABLE 1. CONTINUED
Section* Area
Elevation 
(m)
Flow Sample Rock name (Le 
Maitre et al., 2002)
Upper Kiger Gorge 2378 KG1 STM 10 Basalt
Upper Kiger Gorge 2387 KG2 STM 11 Basalt
Upper Kiger Gorge 2398 KG3 STM 12b Basalt
Upper Kiger Gorge 2403 KG4 STM 13 Basalt
Upper Kiger Gorge 2427 KG5 STM 15 Basalt
Upper Kiger Gorge 2460 KG6 STM 18 Basalt
Upper Kiger Gorge 2492 STM 20 (dike)** Basalt
Upper Kiger Gorge 2493 KG7 STM 21b Basalt
Upper Kiger Gorge 2497 KG8 STM 25 Basalt
Upper Kiger Gorge 2510 KG9 STM 29 Basalt
Upper Kiger Gorge 2527 KG10 STM 33 Trachybasalt
Upper Kiger Gorge 2529 KG11 STM 34 Trachybasalt
Upper Kiger Gorge 2544 KG12 STM 37 Trachybasalt
Upper Kiger Gorge 2589 KG13 STM 40 Basalt
Upper Kiger Gorge 2590 KG14 STM 41 Basalt
Upper Kiger Gorge 2594 KG15 STM 44 Basalt
Upper Kiger Gorge 2609 KG16 STM 48 Trachybasalt
*Upper = upper Steens; **Dikes are not given a flow number, due to difficulty in 
determining its stratigraphic relationship with the flows.
TABLE 2. STRATIGRAPHY OF SAMPLES COLLECTED IN THE 
KIGER GORGE TRANSECT, STEENS MOUNTAIN REGION
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TABLE 3. STRATIGRAPHIC SECTIONS 
JJ Transect  Kiger Gorge Transect 
Sample Flow  Sample Flow   Sample Flow  
MF9463 JJ1 JS21 JJ48  STM 10 KG1 
MF9464 JJ2 JS22 JJ49  STM 11 KG2 
MF9465 JJ3 JS23 JJ50  STM 12b KG3 
MF9466 JJ4 JS24 JJ51  STM 13 KG4 
NMSB-5 JJ5 JS25 JJ52  STM 15 KG5 
NMSB-6 JJ6 JS26 JJ53  STM 18 KG6 
NMSB-7 JJ7 JS27 JJ54  STM 21b KG7 
NMSB-8 JJ8 JS28 JJ55  STM 25 KG8 
MF9467 JJ9 JS29 JJ56  STM 29 KG9 
NMSB-9 JJ10 JS30 JJ57  STM 33 KG10 
JS1 JJ11 JS31 JJ58  STM 34 KG11 
NMSB-13 JJ12 JS32 JJ59  STM 37 KG12 
MF9470 JJ13 JS33 JJ60  STM 40 KG13 
MF9468 JJ14 JS34 JJ61  STM 41 KG14 
NMSB-11 JJ15 JS36 JJ62  STM 44 KG15 
MF9469 JJ16 JS37 JJ63  STM 48 KG16 
MF9471a JJ17 JS38 JJ64    
MF9471b JJ18 JS39 JJ65    
NMSB-14 JJ19 JS40 JJ66    
MF9471c JJ20 JS41 JJ67  Sample  
NMSB-15 JJ21 JS43 JJ68  JS35 (dike)*  
NMSB-17 JJ22 JS44 JJ69  STM 20 (dike)  
NMSB-18 JJ23 JS45 JJ70  JS42 (dike)  
NMSB-16 JJ24 JS46 JJ71  JS62 (dike)  
MF9472 JJ25 JS47 JJ72    
JS2 JJ26 JS48 JJ73    
JS3 JJ27 JS49 JJ74    
NMSB-19 JJ28 JS50 JJ75    
JS4 JJ29 JS52 JJ76    
JS5 JJ30 JS51 JJ77    
JS6 JJ31 JS53 JJ78    
JS7 JJ32 JS54 JJ79    
JS8 JJ33 JS55 JJ80    
JS9 JJ34 JS56 JJ81    
JS10 JJ35 JS57 JJ82    
JS11 JJ36 JS58 JJ83    
JS12 JJ37 JS59 JJ84    
JS13 JJ38 JS60 JJ85    
JS14 JJ39 JS61 JJ86    
JS15 JJ40 JS63 JJ87    
JS16 JJ41 JS64 JJ88    
JS17 JJ42 JS65 JJ89    
JS18 JJ43 JS66 JJ90    
JS19 JJ44 STM 9 JJ91    
NMSB-20A JJ45 STM 1c JJ92    
NMSB-21 JJ46 STM 4 JJ93    
JS20 JJ47 STM 6 JJ94    
  JS72 JJ95    
*Dikes not included in JJ and Kiger Gorge transects, they are listed separately since stratigraphic positions 
are unknown. 
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Individual lava flow units were distinguished by looking for a contact between 
baked, heavily vesiculated flow top and an unbaked, less vesiculated base of the next 
flow upsection (Figure 9).  
 
 
 
 
 
 
 
 
 As shown in Figure 9, the red-colored section of the lava denotes the baked top of 
the lower flow, which is overlain by a new lava flow. From each unit, samples (chips and 
hand sample) were cleaned by chipping away as much weathered surface from the 
sample as possible; in most cases, chips were produced on the outcrop to minimize 
contamination. Then, the samples were placed in gallon Ziploc bags or cloth sample bags 
and labeled. 
 
 
 
Figure 9. Photo of upper Steens Basalt flows in Kiger Gorge. Hammer marks 
heavily vesiculated and baked top of lower flow. Above the hammer is the base of 
the next flow unit.  
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Petrographic Analysis of Thin Sections 
 Twenty-eight thin sections from Wildhorse Canyon (upper and lower Steens 
flows) and twenty-one thin sections from Kiger Gorge (all upper Steens flows) were 
analyzed using plain and cross-polarized transmitted light from a polarized optical 
microscope at Central Washington University. Using visual observation, mineral phases 
and their varying textures were described, and the modal abundances for plagioclase, 
clinopyroxene, olivine, and Fe-Ti oxides were estimated. Thin sections of the lower 
Steens basalt flows were fully analyzed for textures, modes, etc. by our collaborators at 
Oregon State University (OSU) and are included in the figures and tables mentioned 
below.   
Whole Rock Major and Trace Element Analyses 
 Samples collected in Wildhorse Canyon by Jenda Johnson were analyzed for 
major and trace elements at Washington State University (WSU) using XRF (X-Ray 
Fluorescence) and ICP-MS (Inductively Coupled Mass Spectrometry) in 1998 and 2006 
([Johnson et al., 1998] (see supplemental material; Wolff et al. (2008)). An additional 21 
samples from Kiger Gorge were also analyzed at WSU for major and trace elements 
using XRF and ICP-MS. XRF was used to analyze whole rock major and selected trace 
element (Ni, Cr, Sc, V, Ba, Rb, Sr, Zr, Y, Nb, Ga, Cu, Zn, Pb, La, Ce, Th, Nd, U) 
concentrations, while ICP-MS was used to determine whole rock trace element 
concentrations (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Ba, Th, Nb, Y, 
Hf, Ta, U, Pb, Rb, Cs, Sr, Sc, Zr) due to its ability to better detect trace element 
concentrations less than 10 ppm [Jenner et al., 1990].  
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 Whole rock data collection methodologies were adapted from [Johnson et al., 
1999]. For sample preparation, sample chips collected in the field (about 28 g of each 
sample) were crushed into smaller chips prior to being ground into a powder in a tungsten 
carbide swing mill for 2 minutes. For XRF, 3.5 g of the sample powder were mixed with 
7.0 g of spec pure dilithium tetraborate (Li2B4O7). The mixtures were then poured into 
graphite crucibles, placed on a silica tray, and loaded into a 1000°C muffle furnace where 
sample powders were fused for 5 minutes. The glass beads were then reground in the 
swingmill for 35 seconds. The powders were loaded into the crucibles and refused for 5 
minutes. As a precaution against the mixing of samples, the plate on which the crucibles 
were placed was notched to denote top and bottom and sample names were recorded on a 
paper template. Also, a replicate bead was made from a randomly chosen sample from 
each tray of crucibles and reported as a repeat analysis to provide an immediate check of 
reproducibility of the analyses and see whether or not the small variations in composition 
between the beads were significant [Johnson et al., 1999].  After the second fusion was 
complete, each bead was labeled and polished and then placed into the Thermo-ARL 
automated X-ray fluorescence spectrometer. 
 The concentrations of the 27 major and trace elements for each sample were 
measured by comparing each element’s x-ray intensity with the intensity of that produced 
by two USGS standard sample beads of nine USGS samples, PCC-1, BCR-1, BIR-1, 
DNC-1, W-2, AGV-1, GSP-1, STM-1, and G-2; two quartz beads were used as blanks 
[Govindaraju, 1994; Johnson et al., 1999]. Twenty standard beads were run and used for 
recalibration once every three weeks or after 300 unknown sample analyses had been run. 
Two standard beads were used as internal standards after every 28 unknown samples in 
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order to check instrument precision and performance within a single run and between 
runs over longer periods of time. Tungsten, cobalt, and tantalum were not analyzed due to 
contamination from sample grinding in tungsten carbide mills. Two methods were used 
to assess the accuracy of the WSU XRF data sets. The first method used the scatter of the 
standard samples around the calibration curve for each element and the second compared 
data from the same samples analyzed by different laboratories using XRF techniques. For 
the first method, the amount of scatter of any one sample was calculated from a 
calibration curve that is drawn through all 20 analyzed standard beads. These observed 
amounts were compared to the “given” values normalized to 100% on a volatile-free 
basis [Govindaraju, 1994; Johnson et al., 1999]. The results of this method indicate the 
discrepancies from the “given” values are quite small, hence, the degree of inaccuracy is 
considered insignificant [Johnson et al., 1999]. When the results were compared with 
data from other laboratories such as Los Alamos, USGS (Denver), Rhodes University 
(South Africa), and XRAL (Canada), the correlations are good. The slight bias in the 
WSU data, which consistently have lower Fe (0.3% FeO) and higher Si (0.45% SiO2) 
when compared to other XRF laboratories, is probably due to differences in the 
measurement of Fe, which, in turn, affects the amount of SiO2 through normalization 
[Johnson et al., 1999]. However, in all cases, the biases were well within the natural 
variation and unlikely to prove significant in petrologic studies [Johnson et al., 1999]. 2σ 
analytical precision on the WSU XRF are as follows: major elements ≤1.0% except for 
Na2O, MgO, and MnO, which are ≤1.5%; Cr, Ni, Sc, Nb, and V are ≤ 8%; Rb, Ba, Zr and 
Sr are ≤2.5%; concentrations ≤10 ppm or even <30 ppm for some trace elements yield 
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lower precision on the XRF, and therefore, for these elements, ICP-MS data are preferred 
[Johnson et al., 1999]. 
 For ICP-MS analyses, 2 g of powdered sample were mixed with an equal amount 
of Li2Ba4O7, placed into a carbon crucible, and fused at 1000°C for 30 minutes in a 
muffle furnace. Once cooled, the bead was reground in a carbon-steel ring mill and a 250 
mg portion of the sample powder was emptied into a 30 ml, screw top Teflon PFA vial 
for dissolution. 2 ml of HNO3, 6 ml of HF, and 2 ml of HClO4 were measured into the 
vial, which was placed on a hot plate at 110°C. Once the fluid evaporated, the residue 
was wetted and the sides of the vial were rinsed with a small amount of water. 2 ml of 
HClO4 was measured into the vial and brought to 160°C for the second 
dissolution/evaporation. After the second evaporation, 10 ml of water, 3 ml of HNO3, 5 
drops of H2O2, 2 drops of HF were added to the dried sample and put on a hot plate to 
keep warm until the mixture turned clear. The sample was then poured into a clean 60 ml 
HDPE bottle and diluted to 60 g with de-ionized water. 
 The Agilent model 4500 ICP-MS was used to analyze the sample after the acid 
dissolution. During the analyses, using the Agilent’s Integrated Sample Introduction 
System, the sample was further diluted an additional 10 times.  Three rock standards were 
interspersed within each batch of 18 unknown samples.  To correct for instrumental drift 
(peak intensity and position), Ru, In, and Re were used as internal standards. The ICP-
MS is tuned to keep CeO/Ce ratio below 0.5% to prevent isobaric interference of light 
rare earth oxides on the mid to heavy rare earth elements. Two mixed-element solutions 
are used to estimate the amount of correction to compensate for the remaining oxide 
interferences: Ba, Pr, and Nd; and Tb, Sm, Eu, and Gd. The precision of the ICPMS is 
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generally better than 5% for rare earth elements and 10% for the rest of the trace elements 
[Jenner et al., 1990]. 
Radiogenic Isotope Analysis 
 In order to augment the previously existing isotopic dataset, whole rock Sr, Nd, 
and Pb isotope analyses were performed on 27 whole rock samples (11 lower Steens and 
16 upper Steens flows) at New Mexico State University (NMSU) with Dr. Frank Ramos. 
An additional 18 whole rock Sr, Nd, and Pb isotope analyses (12 lower Steens and 6 
upper Steens) were done by our OSU collaborators at the Department of Terrestrial 
Magnetism (DTM) with Dr. Richard Carlson. Below, methods for isotopic analyses in 
Dr. Ramos’s lab are elucidated. For methods used at DTM, see Carlson et al. (2004). 
Thirteen Nd isotope samples collected at DTM are currently being analyzed or are in 
queue to be rerun and are not included in Table RB and figures using isotope data. 
Whole Rock Dissolution and Chromatography 
 Of each rock sample powder, ground at WSU, 150 mg were weighed into 15 ml 
Teflon beakers. These samples then underwent a three-step dissolution process. First, 3 
ml of HNO3 (dissolves organics, carbonates, and sulfates) and 2 ml of HF (dissolves 
silicates) were added to the powders, left to dissolve for 24 hours, and subsequently 
placed on a hot plate to dry. When the mixture was dry, the beakers were removed from 
the plate and then 5 ml of 7N HNO3 was added; the mixtures were left to dissolve for 
another 24 hours and then dried. Finally, 6 ml of 6N HCl was added to the dried mixture 
in order to dissolve any fluorite that formed due to the use of HF in the first step of the 
dissolution process. After these samples were left to dissolve for 24 hours and dried, 1 ml 
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of 2.5N HCl was added to the final product of the dissolution process and left to dissolve. 
The samples were then centrifuged for 10 minutes and subjected to column 
chromatography to separate and collect (in aqueous form) Sr, Nd, and Pb. 
 The Sr collection was done using glass columns filled with cation 
chromatography resin that was first pretreated with 10 ml of 2.5N HCL. Then, 0.5 ml of 
the sample, dissolved in 2.5N HCl, was loaded into the appropriate glass column. The 
columns were washed with two washes of 0.5 ml, one wash of 2 ml, and one wash of 6.5 
ml of 2.5N HCl. These washes were collected in 50 ml Teflon beakers for Pb collection. 
In order to collect Rb, 3 ml of 2.5N HCl was poured into columns and the resulting liquid 
was collected into a Teflon beaker. The columns were then washed with 5 ml of 2.5N 
HCl prior to collection of Sr. Sr was collected into a Teflon beaker with a wash of 6 ml of 
2.5N HCL.  REEs were collected in a Teflon beaker with 10 ml of 6N HCL, and both the 
collected Sr and REE samples were dried on a hot plate. The glass columns were cleaned 
with 15 ml of 6N HCL and back washed with water. 
 Nd collection was done using glass columns filled with HDHEP coated resin that 
was pretreated with 10 ml of 0.25N HCL. 0.5 ml of 0.25N HCL was added to the dried 
REEs and, after dissolution, loaded into the columns. The columns then underwent 
washes of 0.5 ml, 0.5 ml, 1 ml, and 4 ml of 0.25N HCL. Nd was collected with 6 ml of 
0.25N HCL into a Teflon beaker and placed on a hot plate to dry. The columns were then 
cleaned with 15 ml of 6N HCL. 
 Pb collection was done using glass columns filled with anion exchange resin; 
pretreatment consisted of a 3 ml wash of 1N HBr. Each column was loaded with 0.5 ml 
of the sample and two washes of 0.5ml in addition to four washes of 3ml of 1N HBr were 
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done prior to Pb collection. Pb was collected into a Teflon beaker with 1 ml of H2O and 2 
washes of 1 ml of 1N HNO3, and placed on a hot plate to dry. The columns were then 
cleaned with 3 ml of 6N HCL, 1 ml of H2O, 3 ml 7N HNO3, and 3 ml of 1N HNO3. 
Thermal Ionization Mass Spectrometry (TIMS) Analysis 
 The solid concentrate of whole rock Sr and Rb were re-dissolved with ~20 L of 
5% HNO3. About 1L of each Sr sample was loaded onto a Re filament along with 1 L 
of a tantalum oxide (Ta2O3) and phosphoric acid (H3PO4) mixture. In a turret that holds 
ten samples, nine filaments were loaded with unknown samples and 1 was loaded with 
standard NBS987; the turret was loaded into a VG Sector 54-30 thermal ionization mass 
spectrometer barrel assembly. The barrel was evacuated of atmospheric gasses and then 
the filaments were heated to ionize the loaded element (Sr or Rb), which causes the ions 
to form a beam that accelerates down the flight tube of the spectrometer. The beam, 
which is composed of all the isotopes of that particular element, is then subjected to an 
intense magnetic field that separates the ion beam into multiple beams by deflecting the 
path of the lighter isotopes more than the heavier isotopes. Each mass- and isotope-
specific beam then travels to the back of the TIMS into one of the five faraday cups that 
measure the charge of the ions. The intensities were then compared to those of the 
standards and results were compiled by the computer. The five faraday cups for Sr 
samples had an 88Sr intensity of about 3.0 V and the isotopic ratios were normalized to 
86Sr/88Sr = 0.1194. The value of the Sr standard averaged 0.710286 with an uncertainty 
±0.00001.   
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MC-ICP-MS Analyses 
 The Nd and Pb samples were analyzed using the ThermoFinnigan Neptune Plus 
MC-ICP-MS (Multiple Collector Inductively Coupled Plasma Mass Spectrometry) at 
NMSU. The solid concentrates of whole-rock Nd were dissolved with ~0.5ml of 2% 
HNO3 (pers. communication Frank Ramos). The Nd isotopes were analyzed using seven 
faraday collectors in static mode and were normalized to 146Nd/144Nd = 0.7219 and 
corrected for any Sm during analyses. The standard used for Nd isotope analyses was 
JNd-1, with an accepted value of 0.512115. During the run, the value of the Nd standard 
averaged 0.512079 ±0.000006.  
 The solid concentrates of whole-rock Pb were dissolved in 0.2 to 1 ml of 2% 
HNO3. The five faraday cups (in static mode) used for Pb samples had a 
208Pb intensity of 
about 6 V. NBS997 Tl  (Pb/Tl ratio of ≤2) was added to the Pb samples to form a final 
solution with 200 ng/ml Pb and 20 ng/ml Tl [Tanimizu and Ishikawa, 2006]. The Pb 
isotopes were normalized to 203Tl/205Tl = 0.4189 to account for mass fractionation [May 
and Watters, 2004]. The standard used was NBS981, and the accepted values for 
206Pb/204Pb, 207/204Pb, and 208/204Pb are 16.9417±0.0029, 15.4996 ±0.0031, and 
36.724±0.009, respectively [Thirlwall, 2002]. During the runs, the value of the Pb 
standard for 206Pb/204Pb, 207/204Pb, and 208/204Pb averaged 16.931±0.001, 15.483±0.001, 
and 36.673±0.002, respectively. 
 We did an interlaboratory comparison to document any potential bias between 
NMSU and DTM. One upper Steens sample, JS 44, was analyzed at both labs (Table 4). 
Standards used at DTM for isotopic Sr, Nd, and Pb analyses are the same as those used at 
NMSU; NBS987, JND-1, and NBS981. The percent differences between both labs’ 
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isotopic results for 87Sr/86Sr, 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb are 0.007%, 0.5%, 
0.3%, and 0.3%. 
Table 4. Isotopic Analysis by Lab 
 
Energy Constrained Recharge Assimilation Fractional Crystallization (EC-RAFC) 
Modeling 
 I used EC-RAFC (Spera and Bohrson (2002; 2004); Bohrson and Spera (2003)),  
which is a thermodynamic tool that accommodates open-system processes, to constrain 
the mass balances of recharge, assimilation, and crystallization that produced the 
observed variations in whole rock trace element Sr-, Nd-, Pb- isotopic compositions of 
the suite stratigraphically controlled lava flows (lower to upper Steens) from the JJ 
transect. The computation modeling focused on the data in [Sr] versus 87Sr/86Sr space. 
Prior to modeling, we analyzed diagrams of select major elements (MgO, Al2O3, and 
CaO), trace elements (La, Nb, Eu, Zr, and Sr), and isotopes plotted against the elevation 
to divide the JJ transect stratigraphy into packages for EC-RAFC modeling (Table 5). 
Going up stratigraphy, we documented patterns of shifts in the composition from flow to 
flow as well as in the sizes of flow to flow excursions (see Figures 25-45 in Chapter IV). 
For example, package 1 consists of flow JJ1 to JJ2. The excursion to higher 
concentrations of most major elements from flow JJ1 to JJ2 (with the exception of MgO), 
generally lower trace elements, and to lower 87Sr/86Sr led me to hypothesize recharge as 
the main magma process involved in the changes observed from flow JJ1 to JJ2. Package 
Sample 87Sr/
86
Sr Std Err
206
Pb/
204
Pb Std Err**
207
Pb/
204
Pb Std Err
208
Pb/
204
Pb Std Err
143
Nd/
144
Nd Std Err
JS44 (NMSU)* 0.704145 0.000015 19.1080 0.0010 15.6590 0.0010 38.8200 0.0020 0.512808 0.000004
JS44 (DTM) 0.704095 0.000002 19.0015 0.0048 15.6039 0.0043 38.6932 0.0108
*NMSU = New Mexico State University; DTM = Department of Terrestrial Magnetism; Std Err = Standard error
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1 ended at JJ2 because there was a change in the behavior of the excursions from JJ2 to 
JJ3 that did not qualitatively go along with the behavior from JJ1-JJ2. 
TABLE 5. EC-RAFC PACKAGES 
 
 
 
 
 
 
 
 
 
 
 
  
 Package 2 exhibited two sets of flow excursions of similar behavior and size in 
the aforementioned figures unlike package 1 and so the flows JJ2-JJ4 became package 2. 
Some packages contain just two flows, while others contain up to 29 flows that exhibit 
similarities in element behavior (e.g. repeated, buffered to moderately-sized variations 
from low to high back to lower element concentrations). A number of simulations were 
#EC-RAFC modeling focuses on the flows from the JJ transect of which we have 
isotope data.  
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then run, varying input parameters such as the mass of recharge magma and assimilant, 
bulk distribution coefficient of Sr, and the concentration of Sr in the three subsystems of 
the EC-RAFC model. The results of all simulations were then compared to the Sr 
concentration -87Sr/86Sr data. The best fit models produced the Sr concentration and 
87Sr/86Sr trends that intercept the sequential daughters in the package with a good match 
for the final daughter, which in turn serves as parent to the next package. No more than a 
2% error from observed data was considered a best-fit trend (the line that illustrates the 
evolution of thermal, mass, and compositional values of the melt starting from defined 
parental liquid to the observed daughter product. These models were also only deemed 
suitable if input parameters were geologically reasonable, as defined by previous 
modeling papers (e.g., Bohrson and Spera (2002)), literature that documents 
compositional variety of the crust, and the data collected for this study.   
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CHAPTER IV 
PETROGRAPHIC, FIELD, AND GEOCHEMICAL RESULTS 
Petrographic Descriptions 
 Thin sections were cut from a select set of upper Steens samples from both the JJ 
and Kiger Gorge transects and were analyzed using a petrographic microscope. 
Petrographic analyses summarized here on a representative set of the lower Steens 
samples were done by collaborators at OSU [N. Moore, pers. communication]. 
Lower Steens Basalts 
 Lower Steens samples range from megaporphyritic and glomeroporphyritic to 
aphyric (phenocryst abundance ~0-35 vol. %) with a range (1-30 vol. %) in the 
abundance of void space (Tables 6; Figure 10 a, d, g). Phenocryst phases consist of 
olivine, plagioclase, and opaques. Groundmass consists of the same phases as 
phenocrysts plus clinopyroxene, and glass. The dominant phase is plagioclase, 
representing up to 35 vol. % of phenocryst phases and up to 60 vol. % of groundmass 
phases.  
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 TABLE 6. PETROGRAPHY OF LOWER AND UPPER STEENS FLOWS COLLECTED IN JJ TRANSECT 
 
 
Ol (%) Cpx (%) Plag (%) Opaques(%) Ol (%) Cpx (%) Plag(%) Opaques(%) Glass (%)
MF9463* - - 10 - - - - - - - Basalt
MF9464* - - 10 - - - - - - - Basalt
MF9465* - - 8 - - - - - - - Basalt
MF9466 10 - 5 - 6 44 30 2 - 3 Basalt
NMSB-5 2 - 4 - 8 40 44 1 - 2 Basalt
NMSB-6 6 - 1 - 7 28 41 1 10 16 Basalt
NMSB-7 3 - 2 - 5 23 42 2 6 23 Basalt
NMSB-8 9 - 12 - 4 32 34 2 15 6 Basalt
MF9467 2 - 5 - 6 23 46 6 11 1 Basalt
NMSB-9 2 - 4 - 10 40 31 5 3 3 Basalt
JS1* 5 - 35 - - 25 - - - - Basalt
NMSB-13 10 - 30 - 5 15 35 3 - 2 Basalt
MF9470 5 - 25 - 8 25 30 2 - 10 Basalt
MF9468 10 - 15 - 8 40 25 5 - 2 Basalt
NMSB-11 6 - - - 44 42 4 2 15 2 Basalt
MF9469 6 - - - 4 38 42 2 - 6 Basalt
MF9471a 6 - 14 - 10 35 30 2 - 3 Basalt
MF9471b* - - - - - - - - - - Basalt
NMSB-14 3 - 2 - 18 26 31 3 15 17 Basalt
MF9471c* 8 - - - - - - - - - Basalt
NMSB-15 4 - 1 - 4 42 44 2 2 4 Basalt
NMSB-17 2 - - - 14 36 30 0.5 14 18 Basalt
NMSB-18 12 - - - 8 37 38 1 10 4 Basalt
NMSB-16 4 - 2 - 8 38 42 1 6 6 Basalt
Rock Type (Le 
Maitre et al., 
2002)
Lower Steens
Phenocryst Groundmass
Void 
Space (%)
Sample
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  TABLE 6. (CONTINUED)
Ol (%) Cpx (%) Plag (%) Opaques(%) Ol (%) Cpx (%) Plag(%) Opaques(%) Glass (%)
MF9472 8 - - - 12 28 46 5 - 3 Basalt
JS2* 10 - - - - - - - - - Basalt
JS3* 12 - 15 - - - - - - - Basalt
NMSB-19 8 - 1 - 13 31 34 2 10 10 Basalt
JS4* 15 - 10 - - - - - - - Basalt
JS5* 4 - 25 - - - - - - - Basalt
JS6* - - 15 - - - - - - - Basalt
JS7* - - - - - - - - - - Basalt
JS8* 5 - 3 - - - - - - - Basalt
JS9* 15 - 4 - - - - - - - Basalt
JS10* 5 - 8 - - - - - - - Basalt
JS11* - - 10 - - - - - - - Basalt
JS12* - - - - - - - - - - Basalt
JS13* 15 - - - - - - - - - Basalt
JS14* - - - - - - - - - - Basalt
JS15* 1 - - - - - - - - - Basalt
JS16* 3 - - - - - - - - - Basalt
JS17* 7 - - - - - - - - - Basalt
JS18* 7 - 3 - - - - - - - Basalt
JS19 5 - 20 - 15 20 35 5 - - Basalt
NMSB-20A 4 - 6 - 8 30 40 2 30 10 Basalt
NMSB-21 2 - 4 - 8 36 42 2 6 6 Basalt
JS20* 2 - 15 - - - - - - - Basalt
JS21* 5 - 4 - - - - - - - Basalt
Sample
Phenocryst Groundmass
Void 
Space (%)
Rock Type (Le 
Maitre et al., 
2002)
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  TABLE 6. (CONTINUED) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ol (%) Cpx (%) Plag (%) Opaques(%) Ol (%) Cpx (%) Plag(%) Opaques(%) Glass (%)
JS22 7 - 13 - 7 16 45 2 - 10 Basalt
JS23 5 - 15 - 3 35 30 2 - 10 Basalt
JS24* - - - - - - - - - - Basalt
JS25* - - 30 - - - - - - - Basalt
JS26 10 - 20 - 10 20 32 3 - 4 Basalt
JS27 10 - 15 3 10 20 40 2 - 3 Basalt
JS28 2 - 1 - 10 24 60 2 1 - Basalt
JS29* 4 - 0.5 - - - - - - - Basalt
JS30 4 - 3 - 24 10 51 7 - - Basalt
JS31 7 15 8 - 6 15 33 11 - 5 Basalt
JS32 4.5 4 10 - 5 15 43.5 18 - - Trachybasalt
JS33 7.5 2.5 10 - 2 23 41 11 - 3 Trachybasalt
JS34 1 2.5 3.5 - 2 30 34 25 - 2 Basalt
JS36 2 24 29 - 6 4 17 6 - 12 Basalt
JS37 7 3 12 - 13 14 29 7 - 15 Trachybasalt
JS38 1 1.5 9 - 4.5 25 36 12 - 11 Basalt
JS39 5 17 4 - 9 8 25 17 - 15 Trachybasalt
JS40 2 1 20 - 7 20 21 8 - 20 Basalt
JS41 3 - 15 - 7 10 20 35 - 7 Trachybasalt
JS43 - - - - - - - - - - Basalt
JS44 - 15 0.5 - 17 20 32.5 10 - 5 Basalt
JS45 6 - 9 - 9 17 37 10 - 12 Basalt
JS46 0.5 1.5 11 - 13 18 38 6 - 12 Basalt
JS47 1 - 3 - 9 15 27 23 - 22 Trachybasalt
Rock Type (Le 
Maitre et al., 
2002)
Upper Steens
Sample
Phenocryst Groundmass
Void 
Space (%)
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TABLE 6 (CONTINUED) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ASD
Ol (%) Cpx (%) Plag (%) Opaques(%) Ol (%) Cpx (%) Plag(%) Opaques(%) Glass (%)
JS48 1 - 4 - 10 20 30 15 - 20 Trachybasalt
JS49 - - - - - - - - - - Basalt
JS50 2 1 18 - 11 13 25 15 - 15 Basalt
JS51 - - - - 10 17 45 9 - 14 Basalt
JS52 0.5 - 2.5 - 12 18 21 11 - 35 Trachybasalt
JS53 - - 20 - - - - - - - Basalt
JS54 - - 2 - - - - - - - basalt
JS55 5 - 40 - 2 11 30 10 - 5 Basalt
JS56 - - 2 - - - - - - - Trachybasalt
JS57 0.5 0.5 0.5 - 12 37.5 33 7 - 9 Trachybasalt
JS58 10 1 20 - 10 13 32 7 - 7 Basalt
JS59 - - 20 - - - - - - - Trachybasalt
JS60 0.5 1 3 0.5 3 17 45 25 - 5 Trachybasalt
JS61 0.5 5 0.5 - 15 23 35 17 - 4 Basalt
JS63 0.25 - 0.25 - 12 29.5 27 26 - 5 Basalt
JS64 - - 15 - - - - - - - Basalt
JS65 - - - - - - - - - - Trachybasalt
STM 9 1 - 3.5 0.5 2 18 43 29 - 3 Basalt
JS66 4 3 13 - 8 22 35 5 - 10 Basalt
STM 1c 3 - 17 - 6 17 41 10 - 3 Basalt
STM 4 6 9 10 - 7 10 35 8 - 15 Basalt
STM 6 0.5 7.5 5 - 12 20 41 9 - 5 Trachybasalt
JS72 - - 0.5 - - - - - - -
Basaltic 
Trachyandesite
Sample
Phenocryst Groundmass
Void 
Space (%)
Rock Type (Le 
Maitre et al., 
2002)
* Denotes modal abundance estimate from hand sample as opposed to a thin section.  Ol = Olivine; Plag = Plagioclase; Cpx = Clinopyroxene;  % is modal 
abundance (volume percent). Samples arranged in stratigraphic order from bottom to top. Lower Steens petrography analyzed by OSU collaborators 
(N.Moore pers. communication).
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 Plagioclase crystals are lath-like in shape and vary from those that lack 
disequilibrium textures (Figure 10 b) to those that exhibit heavy resorption textures 
(sieve, embayed; Figure 10 e, f) with growth rims, contain opaques ± olivine ± glass 
inclusions, and/or are fractured in appearance (Figure 10 d). Glomerocrystic plagioclase 
comes in sandwiches, where laths of plagioclase are stacked, and commonly have 
concentration of olivine between stacked laths. Plagioclase also occurs as radiating 
splays, or in clumps with or without other phases (Figure 10 c, e). Plagioclase displays 
oscillatory, patchy, and for some samples, undulatory zoning. Olivine is the next 
dominant phase, representing up to 15 vol. % of phenocryst phases and up to 44 vol. % of 
groundmass phases. Olivine crystals are subprismatic, rounded, to elongated in shape and 
are found as individual crystals; olivine is also found in glomerocrysts of only olivine or 
commonly with other phases. Most olivines display a fractured/shattered look and 
alteration to iddingsite is common. While some samples have olivines that lack 
disequilibrium textures, other samples have olivine that contains melt inclusions and/or 
exhibits resorption boundaries, embayments, and growth. Opaques, the least abundant 
phenocryst phase (up to 3 vol. % in phenocrysts), are only found in one sample in the 
lower Steens. However, opaques are slightly more abundant in groundmass (up to 7 vol. 
%). Clinopyroxene is not found as a phenocryst phase in lower Steens, but is present in 
groundmass (up to 44 vol. %) of some samples.  It commonly looks crushed and/or 
clumpy and is yellow/brown. Some samples have glass in the groundmass (up to 30 vol. 
%).   
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Upper Steens Basalts and Trachybasalts 
 Upper Steens samples range from mega-porphyritic to aphyric (phenocryst 
abundance ~0-40 vol. %) with a range of void space (up to 35 vol. %) (Tables 6 and 7; 
Figure 11). Phenocryst phases consist of plagioclase, olivine, clinopyroxene, and opaques 
(Figure 11 a). Groundmass consists of the same phases plus glass. Plagioclase is the 
dominant phase (up to 40 vol. % of phenocryst phases and 49 vol. % of groundmass 
phases). Plagioclase crystals are either lath-like, acicular, or anhedral (Figure 11 b, e). In 
most cases, plagioclase appear as isolated crystals but is also present in monomineralogic 
glomerocrysts that are radiating splays, crosses, and sandwiches (Figure 11 h). 
Glomerocrysts composed of plagioclase, olivine, clinopyroxene and opaques are also 
present. Plagioclase zoning ranges from none to strongly oscillatory to patchy. Some 
plagioclase displays disequilibrium textures such as sieve and embayed regions with 
overgrowth rims, contain oxide ± olivine ± glass inclusions, and/or are fractured in 
appearance (Figure 11 d, e, f). Clinopyroxene is the next dominant phase (up to 24 vol. % 
of phenocryst phase and 37.5 vol. % of groundmass phase), is anhedral to euhedral, and 
is typically altered brown-yellow throughout the upper Steens samples. Ophitic to sub-
ophitic texture is also common throughout upper Steens samples, and the bigger 
phenocrysts are typically fractured and many have reaction rims and/or small inclusions 
of plagioclase (Figure 11 c, g). Olivine is the next abundant phase (up to 10 vol. % for 
phenocrysts and up to 19 vol. % for groundmass) and is anhedral to rounded. Olivines are 
present either as isolated crystals or in glomerocrysts with other phases (Figure 11 g, h). 
Most are fractured and heavily to lightly altered to iddingsite, but a small percentage of 
smaller phenocrystic olivines remain unaltered. Opaques are the least abundant phase in 
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the upper Steens samples, only 0.5 vol. % of phenocrysts, and are found in only a few 
samples. This phase is more common in the groundmass (up to 35 vol. %). Glass is not a 
phase that appears in the upper Steens flows. 
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Ol (%) Cpx (%) Plag (%) Opaques (%) Ol (%) Cpx (%) Plag(%) Opaques (%) Glass (%)
STM 10 - 1 1 - 10 26 40 10 - 12 Basalt
STM 11 0.5 11 1 - 3 15.5 34 25 - 10 Basalt
STM 12b 2 8.5 9 0.5 8 14 40 9 - 9 Basalt
STM 13 1 1 13 - 8 20 35 9 - 13 Basalt
STM 15 2 0 13 - 5 18 27 10 - 25 Basalt
STM 18 3 5 9 - 10 21 30 9 - 13 Basalt
STM 20 
(dike)
0.5 - 9 - 15 22.5 30 8 - 15 Basalt
STM 21b 3 2 10 - 11 22 30 7 - 15 Basalt
STM 25 4 5 7 - 12 16 22 9 - 25 Basalt
STM 29 - 10 15 - 12 16 31 8 - 8 Basalt
STM 33 0.5 11.5 2 - 9 23 25 20 - 9 Trachybasalt
STM 34 3 1.5 30.5 - 5 12 25 8 - 15 Trachybasalt
STM 37 0.5 0.5 0.5 0.5 19 15 40 20 - 4 Trachybasalt
STM 40 0.5 - 5.5 - 8 15 34 25 - 12 Basalt
STM 41 1 - 6 - 10 19 37 20 - 7 Basalt
STM 44 3 6 10 0.5 9 20.5 30 8 - 13 Basalt
STM 48 1 - 5 - 15 17 49 9 - 4 Trachybasalt
Upper Steens
Phenocryst Groundmass
Void 
Space (%)
* Denotes modal abundance estimate from hand sample as opposed to a thin section.  Ol = Olivine; Plag = Plagioclase; Cpx = Clinopyroxene;  % is modal 
abundance (volume percent). Samples arranged in stratigraphic order from bottom to top.
TABLE 7. PETROGRAPHY OF UPPER STEENS FLOWS COLLECTED IN KIGER GORGE TRANSECT
Sample
Rock Type (Le 
Maitre et al., 
2002)
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Whole Rock Major- and Trace-Element and Sr, Nd, and Pb Isotope Data 
 Data discussed in this section include lava flows from both JJ and Kiger Gorge 
transects. Wildhorse Canyon repeats samples in the JJ transect were collected by OSU 
collaborators. Appendix A contains all whole data for JJ and Kiger Gorge transects. All 
major element oxide abundances are in weight % and trace element abundances are in 
ppm (parts per million). The data for major and trace elements and isotopic systems do 
not follow a linear regression line from lower Steens to upper Steens. Since a temporal 
evolution using only fractional crystallization cannot capture all the trends within the data 
sets, open-system processes are at work. 
Major Oxides 
 The lower Steens samples in this study are all basalts (~48.0-50. 8 wt. % SiO2) 
(Figure 12). The upper Steens samples, however, range in composition from basalt to 
trachy-basalt (48.1-51.7 wt. % SiO2; Table 8), basaltic trachy-andesite, and basaltic 
andesite (~52.3-54.4 wt. % SiO2) (Figure 12). K2O and Na2O are negatively correlated 
with MgO (Figure 13). SiO2 is generally negatively correlated with MgO, but there is 
substantial variation between 10 and 2 wt. % MgO. CaO is mostly positively correlated 
with MgO; at MgO > 9 wt. %, the MgO-CaO trend becomes flat or slightly negative. 
Al2O3 and FeO data exhibit fairly broad but distinct trends seen in the lower Steens data 
and extended by the upper Steens data. Al2O3 increases with decreasing MgO (and note 
that most of these samples are among the lowest FeO), until an inflection point at ~8 wt. 
% MgO, at which point, some of the data continue to increase in Al2O3 as MgO decreases 
while other samples decrease in both Al2O3 and MgO. 
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TABLE 8. WHOLE ROCK COMPOSITIONAL RANGES AND AVERAGES OF LOWER 
AND UPPER STEENS FLOWS 
Major 
Element 
Lower Steens Upper Steens 
Range Avg^ SD# Range Avg SD 
MgO 4.43-12.02 7.74 1.73 3.15-7.52 5.19 1 
Al2O3 13.39-19.64 15.48 1.2 14.10-19.24 16.12 1 
CaO 8.95-11.36 10.18 0.52 5.80-10.21 8.45 0.92 
K2O 0.28-1.41 0.67 0.22 0.56-2.37 1.36 0.47 
FeO* 9.45-13.20 11.22 0.9 10.10-14.76 12.4 1.1 
Na2O 2.14-3.26 2.75 0.29 2.77-4.54 3.52 0.31 
TiO2 1.63-2.86 2.07 0.33 1.78-3.49 2.46 0.4 
P2O5 0.17-0.40 0.26 0.057 0.27-0.92 0.49 0.14 
Trace 
Element 
Lower Steens Upper Steens 
Range Avg SD Range Avg SD 
Ni 59.59-345 163 71 6-152 76.2 35 
 Cr 46-890 349 185 1.18-166.11 61.13 41 
 V 269.90-425.12 329.5 39 230.69-450.8 339.66 52 
La 8.50-21.11 13.28 3 12.14-35.16 21.94 5.7 
Ce 13-56 31.71 8.2 28.79-73.78 49.35 12 
Pr 3.06-6.77 4.52 0.92 4.25-10.17 7.01 1.6 
Nd 14.12-30.13 20.71 4.00 19.74-45 31.25 6.8 
Sm 4.16-7.71 5.54 0.98 5.22-11.44 7.81 1.6 
Eu 1.47-2.53 1.9 0.28 1.83-3.35 2.44 0.37 
Gd 4.61-8.16 5.91 0.98 5.50-11.29 7.81 1.5 
Tb 0.77-1.32 0.97 0.16 0.89-1.79 1.25 0.2 
Dy 4.67-7.95 5.82 0.92 5.35-10.69 7.37 1.3 
Ho 0.91-1.57 1.14 0.18 1.02-2.06 1.45 0.26 
Er 2.31-3.97 1.14 0.45 2.65-5.31 3.77 0.69 
Tm 0.33-0.56 0.4 0.064 0.36-0.74 0.52 0.1 
Yb 1.93-3.25 2.38 0.37 2.14-4.45 3.15 0.59 
Lu 0.29-0.51 0.36 0.57 0.33-0.68 0.49 0.093 
Ba 66.0-396.70 204.94 69 258.30-924.73 502.96 146 
Th 0.78-3.07 1.49 0.52 0.99-5.95 2.44 0.96 
Nb 5.92-13.09 8.96 1.8 7.18-16.76 11.43 2.36 
Y 22-38-38.72 27.99 4.3 25.23-50.86 36.21 6.6 
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Hf 2.75-5.34 3.83 0.7 3.20-7.24 4.99 1 
Ta 0.39-0.87 0.6 0.12 0.46-1.08 0.73 0.15 
U 0.24-0.93 0.41 0.16 0.18-2.10 0.72 0.36 
Pb 1.58-5.08 2.65 0.8 2.13-9.58 5.14 1.8 
Rb 5.18-25.53 11.66 4.9 7.19-51.61 22.3 10 
Cs 0.05-0.59 0.21 0.14 0.04-1.20 0.33 0.26 
Sr 243-523.27 371.06 65 423.63-761.74 
526.2
6 
68 
Sc 23.72-38.06 31.57 3.3 18.54-40.97 30.62 4.5 
Zr 96.93-203.01 140.51 26 115.53-282.28 
187.6
9 
40 
Isotopes 
Lower Steens Upper Steens 
Range Avg SD Range Avg SD 
87Sr/86Sr 
0.70333-
0.70388 
0.7036
2 
0.0001
3 
0.70354-
0.70414 
0.703
8 
0.0001
3 
143Nd/144N
d 
0.51287-
0.51305 
0.5129
5 
0.0000
4 
0.51280-
0.51292 
0.512
9 
0.0000
3 
206Pb/204Pb 18.79-19.11 18.91 0.084 18.86-19.11 18.94 0.061 
207Pb/204Pb 15.36-15.77 15.61 0.076 15.58-15.70 15.62 0.031 
208Pb/204Pb 38.43-38.92 38.57 0.131 38.44-38.82 38.56 0.097 
 
 
There is also another arm of the MgO-Al2O3 trend that becomes flat with MgO 
decreasing below ~ 6 wt. %. For FeO*, in one trend, as MgO decreases, FeO* decreases 
from ~11 to ~9 wt. %. The second trend is defined by an increase in FeO* as MgO 
decreases. P2O5 data is negatively correlated with MgO and exhibits little scatter. On the 
other hand, TiO2, while generally negatively correlated, exhibits some broadness in the 
lower Steens which extends into the upper Steens. As shown in Table 8, the average 
composition for MgO and CaO decreases from lower Steens to upper Steens. The 
remaining major oxide averages increase from lower Steens to upper Steens.  
^Avg = Average; SD# = standard deviation. Data collected by author, N. Moore 
(pers.communication), [Carlson, 1984; Johnson et al., 1998; Wolff et al., 2008; Camp et al., 
2013; Wolff and Ramos, 2013]. 
TABLE 8. (CONTINUED) 
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Figure 13. Whole rock MgO wt.% plotted against the following whole rock 
major oxides (a) Al2O3, (b) CaO, (c) SiO2, (d) FeO* (* represents total Fe), 
(e) K2O, (f) Na2O. Blue squares represent lower Steens and red squares 
represent upper Steens.  Dikes not plotted. 
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Trace Elements 
 Trace elements such as Ni and Cr (Figure 14) are positively correlated with MgO. 
Compared to upper Steens, lower Steens samples range to more enriched concentrations 
of Ni and Cr with increasing MgO, and in general, the data are more scattered between 
~7-12 wt. % MgO. Sc data display a broad trend with a faint positive correlation with 
increasing MgO. As shown in Table 8, the average concentrations of Ni, Cr, and Sc 
decrease from lower Steens flows to upper Steens flows.  
 The large ion lithophiles (Sr, Ba, and Rb; Figure 15), high field strength (Th, Nb, 
Zr, and U; Figure 16), and rare earth elements (La, Eu, Nd, and Lu; Figure 17) are 
generally negatively correlated with MgO. Most upper Steens samples are more enriched 
in these elements than the lower Steens. All plots exhibit some measure of broadness of 
trend in both upper Steens and lower Steens, but La (Figure 17, a) shows the tightest 
trend. As shown in Table 8, average concentrations of select trace elements—La, Zr, Nb, 
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Figure 13 (Continued.) Whole rock MgO wt. % plotted against the following 
whole rock major oxides (g) P2O5, (h) TiO2. Blue squares are lower Steens 
lavas and red squares are upper Steens lavas. Dikes are not plotted. 
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Eu, Lu, Ba, U, Th, and Rb—increase from lower Steens to upper Steens. The lower 
Steens is generally less enriched in REE and has a smaller La/Yb range (4.08-6.77) 
compared to Upper Steens, which is more enriched in REE and has a wider La/Yb range 
(5.27-11.79) (Figures 18 and 19).  
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Figure 14. Diagrams of whole rock MgO wt. % plotted against compatible 
trace elements (a) Ni ppm, (b) Sc ppm, and (c) Cr ppm. Blue squares are 
lower Steens lavas and red squares are upper Steens lavas. Dikes are not 
plotted. 
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Figure 15. Diagrams of whole rock MgO wt. % plotted against large-ion lithophile 
elements (LILE) (a) Sr ppm, (b) Ba ppm, and (c) Rb ppm. Blue squares are lower 
Steens lavas and red squares are upper Steens lavas. Dikes are not plotted. 
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Figure 17. Diagrams of whole rock MgO wt.% plotted against rare earth elements 
(REE) (a) La ppm, (b) Nd ppm, (c) Eu ppm, (d) Lu ppm, Blue squares are lower 
Steens lavas and red squares are upper Steens lavas. Dikes are not plotted. 
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Figure 18. Chondrite-normalized REE diagram for lower Steens. Normalization 
constants are from Sun and McDonough, 1989. 
Figure 19. Chondrite-normalized REE diagram for upper Steens. Normalization 
constants are from Sun and McDonough, 1989. 
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Radiogenic Isotopes 
 Whole rock 87Sr/86Sr, 143 Nd/144Nd, and Pb isotopes (Table 8; 9; 10) include 
samples from this study and Wolff and Ramos, (2013). The 87Sr/86Sr range for the entire 
Steens dataset is 0.70333-0.70415. More specifically 87Sr/86Sr for the lower Steens range 
from 0.70332-0.70388, and upper Steens range from 0.70368-0.70415. Isotopic Sr is 
generally negatively correlated with MgO wt. %, but the trend in both upper and lower 
Steens is diffuse (Figure 20). On the other hand, 87Sr/86Sr is generally positively 
correlated with Sr concentration, but this trend is also relatively broad (Figure 21).  
 Whole rock 143 Nd/144Nd for both lower Steens and upper Steens range from 
0.51287-0.51293, with the average ratio decreasing from lower Steens (0.51295) to upper 
Steens (0.51289) (Table 8). 143 Nd/144Nd is generally positively correlated with MgO wt. 
%, with data exhibiting a degree of broadness (Figure 22).  
 Whole rock 206Pb/204Pb data range from 18.79-19.11, 207Pb/204Pb from 15.36-
15.77, and 208Pb/204Pb from 38.43-38.92 (Table 8; 9; 10). The averages of Pb data are 
equal within uncertainty for lower and upper Steens. The 206Pb/204Pb vs. MgO wt. % 
trend is generally broad and horizontal (Figure 23). At higher MgO (wt. %), there are 
three groups 206Pb/204Pb: (1) one that decreases slightly in Pb isotopes with increasing 
MgO wt.% , (2) a second in which the Pb isotope trend is relatively flat with increasing 
MgO wt. %  and (3) a third trend that  slightly increases 206Pb/204Pb with increasing MgO 
wt. %.  
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 TABLE 9. SR, ND, PB DATA OF SELECT LAVA FLOWS FROM JJ TRANSECT
Sample 87Sr/
86
Sr Error
143
Nd/
144
Nd Error
206
Pb/
204
Pb Error
207
Pb/
204
Pb Error
208
Pb/
204
Pb Error
208
Pb/
206
Pb Error
207
Pb/
206
Pb Error
MF9463+ 0.703547 1.3 * 10-5 0.056499 6 * 10-6 18.82 2 * 10-3 15.58 1 * 10-3 38.39 4 * 10-3 2.04 4 * 10-5 0.83 1 * 10-5
MF9464* 0.703528 2 * 10-6 N/A N/A 18.83 1.1 * 10-2 15.58 1 * 10-2 38.44 2.5 * 10-2 2.04 1.2 * 10-4 0.83 6.6 * 10-5
MF9465+ 0.703842 - 0.512871 - 18.96 - 15.62 - 38.68 - 2.04 - 0.82 -
MF9466 0.703805 13 * 10
-6 0.512912 5 * 10
-6 19.11 1 * 10
-3 15.75 1 * 10
-3 38.92 2 * 10
-3 2.04 4 * 10
-5 0.82 1 * 10
-5
NMSB-5* 0.703846 2 * 10-6 N/A N/A 18.95 1.4 * 10-2 15.62 1 * 10-2 38.64 3 * 10-2 2.04 1.9 * 10-4 0.82 8.7 * 10-5
MF9467 0.703880 15 * 10
-6 0.512932 5 * 10
-6 18.95 1 * 10
-3 15.62 1 * 10
-2 38.61 2 * 10
-3 2.04 4 * 10
-5 0.82 1 * 10
-5
NMSB-13* 0.703588 3 * 10-5 N/A N/A 18.35 0.4 15.40 0.3 37.56 0.9 2.05 3.5 * 10-3 0.83 2.3 * 10-3
MF9468 0.703672 1 * 10
-5 0.512933 4 * 10
-6 18.99 1 * 10
-3 15.61 1 * 10
-3 38.62 2 * 10
-3 2.03 4 * 10
-5 0.82 1 * 10
-5
MF9469 0.703693 1 * 10
-5 0.512951 5 * 10
-6 18.94 2 * 10
-3 15.61 1 * 10
-3 38.58 3 * 10
-3 2.04 4 * 10
-5 0.82 1 * 10
-5
MF9471a 0.703562 1.4 * 10
-5 0.512952 6 * 10
-6 18.92 1 * 10
-3 15.36 1 * 10
-3 38.55 2 * 10
-3 2.04 5 * 10
-5 0.83 1 * 10
-5
MF9471b 0.703621 1.4 * 10
-5 0.512944 2 * 10
-6 19.09 1 * 10
-3 15.77 1 * 10
-3 38.91 2 * 10
-3 2.04 4 * 10
-5 0.83 1 * 10
-5
NMSB-18* 0.703727 2 * 10-6 N/A N/A 18.91 5.9 * 10-3 15.60 5.3 * 10-3 38.58 1.4 * 10-2 2.04 1.2 * 10-4 0.82 7 * 10-5
MF9472 0.703643 1.1 * 10
-5 0.512927 6 * 10
-6 18.93 1 * 10
-3 15.60 1 * 10
-3 38.53 2 * 10
-3 2.04 4 * 10
-5 0.82 1 * 10
-5
NMSB-19* 0.703463 2 * 10-6 N/A N/A 18.94 1.5 * 10-3 15.60 1.4 * 10-3 38.60 3.8 * 10-3 2.04 3.4 * 10-5 0.82 1.2 * 10-5
JS18+ 0.703629 - 0.512958 - 18.90 - 15.60 - 38.56 - 2.04 - 0.83 -
JS19 0.703698 1 * 10
-5 0.512923 4 * 10
-6 18.90 1 * 10
-3 15.59 1 * 10
-3 38.52 1 * 10
-3 2.04 3 * 10
-5 0.83 1 * 10
-5
NMSB-20A* 0.703660 2 * 10-6 N/A N/A 18.93 5.1 * 10-3 15.61 4.2 * 10-3 38.61 1 * 10-2 2.04 9.0 * 10-5 0.82 2.4 * 10-5
NMSB-21* 0.703739 2 * 10-6 N/A N/A 18.92 1.5 * 10-3 15.61 1.4 * 10-3 38.61 3.8 * 10-3 2.04 3.4 * 10-5 0.82 1.2 * 10-5
JS22* 0.703319 2 * 10-6 0.512975 2 * 10-6 18.81 3.8 * 10-2 15.62 3 * 10-2 38.48 7.9 * 10-2 2.05 2.7 * 10-4 0.83 2.6 * 10-4
JS23 0.703561 1 * 10
-5 0.512886 4 * 10
-6 18.86 1 * 10
-3 15.60 1 * 10
-3 38.43 2 * 10
-3 2.04 4 * 10
-5 0.83 1 * 10
-5
JS25+ 0.703406 - 0.512992 - 18.82 - 15.59 - 38.45 - 2.04 - 0.83 -
JS26 0.703478 1 * 10
-5 0.512967 5 * 10
-6 18.92 1 * 10
-3 15.69 1 * 10
-3 38.62 3 * 10
-3 2.04 1 * 10
-4 0.83 1 * 10
-5
JS27+ 0.703507 - 0.512971 - 18.86 - 15.62 - 38.57 - 2.05 - 0.83 -
JS28+ 0.703549 - 0.512968 - 18.83 - 15.60 - 38.47 - 2.04 - 0.83 -
JS29 0.703597 1 * 10
-5 0.512953 4 * 10
-6 18.96 1 * 10
-3 15.68 1 * 10
-3 38.64 2 * 10
-3 2.04 4 * 10
-5 0.83 1 * 10
-5
JS30+ 0.703548 - 0.513022 - 18.81 - 15.59 - 38.45 - 2.04 - 0.83 -
Lower Steens
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TABLE 9. (CONTINUED)
Sample 87Sr/
86
Sr Error
143
Nd/
144
Nd Error
206
Pb/
204
Pb Error
207
Pb/
204
Pb Error
208
Pb/
204
Pb Error
208
Pb/
206
Pb Error
207
Pb/
206
Pb Error
JS31 0.703773 1 * 10
-5 0.512926 4 * 10
-6 18.91 1 * 10
-3 15.62 1 * 10
-3 38.52 2 * 10
-3 2.04 4 * 10
-5 0.83 1 * 10
-5
JS32 0.703852 1.1 * 10
-5 0.512872 4 * 10
-6 18.98 1 * 10
-3 15.60 1 * 10
-3 38.53 2 * 10
-3 2.03 4 * 10
-5 0.82 1 * 10
-5
JS34 0.703692 1.7 * 10
-5 0.512896 6 * 10
-6 18.97 1 * 10
-3 15.60 1 * 10
-3 38.54 1 * 10
-3 2.03 4 * 10
-5 0.82 1 * 10
-5
JS36+ 0.703691 - 0.512927 - 18.93 - 15.61 - 38.58 - 2.04 - 0.82 -
JS39 0.703676 1.1 * 10
-5 0.512914 4 * 10
-6 18.91 1 * 10
-3 15.61 1 * 10
-3 38.51 2 * 10
-3 2.04 4 * 10
-5 0.83 1 * 10
-5
JS41 0.703707 1.3 * 10
-5 0.512899 4 * 10
-6 18.91 1 * 10
-3 15.59 1 * 10
-3 38.48 2 * 10
-3 2.04 4 * 10
-5 0.82 1 * 10
-5
JS44* 0.704145 1.5 * 10
-5 0.512808 4.8 * 10
-6 19.11 4.8 * 10
-3 15.66 4.3 * 10
-3 38.82 1 * 10
-2 2.03 1.2 * 10
-4 0.82 3.9 * 10
-5
JS45 0.703744 1 * 10
-5 0.512911 4 * 10
-6 18.88 1 * 10
-3 15.60 1 * 10
-3 38.47 2 * 10
-3 2.04 4 * 10
-5 0.83 1 * 10
-5
JS46 0.703841 1 * 10
-5 0.512900 6 * 10
-6 18.88 1 * 10
-3 15.60 1 * 10
-3 38.46 2 * 10
-3 2.04 4 * 10
-5 0.83 1 * 10
-5
JS48+ 0.703736 - 0.512919 - 18.88 - 15.61 - 38.54 - 2.04 - 0.83 -
JS52 0.703784 1.1 * 10
-5 0.512905 4 * 10
-6 18.86 1 * 10
-3 15.58 1 * 10
-3 38.44 2 * 10
-3 2.04 4 * 10
-5 0.83 1 * 10
-5
JS55 0.703694 8 * 10
-6 0.512919 6 * 10
-6 18.95 1 * 10
-3 15.67 1 * 10
-3 38.63 2 * 10
-3 2.04 4 * 10
-5 0.83 1 * 10
-5
JS57 0.703855 1.8 * 10
-5 0.512864 4 * 10
-6 18.98 1 * 10
-3 15.61 1 * 10
-3 38.57 2 * 10
-3 2.03 4 * 10
-5 0.82 1 * 10
-5
JS58 0.703894 1 * 10
-5 0.512872 8 * 10
-6 19.05 1 * 10
-3 15.70 1 * 10
-3 38.77 2 * 10
-3 2.04 4 * 10
-5 0.82 1 * 10
-5
JS60 0.704016 1 * 10
-5 0.51284 3 * 10
-6 18.93 1 * 10
-3 15.60 1 * 10
-3 38.54 2 * 10
-3 2.04 4 * 10
-5 0.82 1 * 10
-5
JS62 (dike) 0.704044 1.1 * 10
-5 0.512872 4 * 10
-6 19.00 1 * 10
-3 15.62 1 * 10
-3 38.58 2 * 10
-3 2.03 1 * 10
-5 0.82 1 * 10
-5
JS63 0.703888 1.4 * 10
-5 0.512900 4 * 10
-6 18.97 1 * 10
-3 15.63 1 * 10
-3 38.60 2 * 10
-3 2.03 4 * 10
-5 0.82 1 * 10
-5
JS66 0.703947 8 * 10
-6 0.512874 4 * 10
-6 18.95 1 * 10
-3 15.61 1 * 10
-3 38.55 2 * 10
-3 2.03 4 * 10
-5 0.82 1 * 10
-5
STM 6* 0.703749 2 * 10-6 0.5129284 1.9 * 10-6 18.90 4.7 * 10-3 15.61 3.8 * 10-3 38.54 1.1 * 10-2 2.04 1.5 * 10-4 0.83 4.2 * 10-5
JS72+ 0.703548 - 0.5129251 - 18.89 - 15.58 - 38.48 - 2.04 - 0.82 -
+ = Isotopes presented in Wolff and Ramos, 2013; N/A = Not Available yet;  * = Isotopes collected by OSU collaborator, at DTM, 2014
Upper Steens
TABLE 10. SR, ND, PB DATA OF SELECT SAMPLES FROM KIGER GORGE TRANSECT
Sample 87Sr/
86
Sr Error
143
Nd/
144
Nd Error
206
Pb/
204
Pb Error
207
Pb/
204
Pb Error
208
Pb/
204
Pb Error
208
Pb/
206
Pb Error
207
Pb/
206
Pb Error
STM 20 (dike)* 0.703758 2 * 10-6 0.512927 1.5 * 10-6 18.90 5.5 * 10-3 15.61 5.1 * 10-3 38.54 1.1 * 10-2 2.04 2.8 * 10-4 0.83 7.6 * 10-5
STM 33* 0.703714 2 * 10-6 0.512936 1.3 * 10-6 18.85 2.1 * 10-3 15.59 7.4 * 10-3 38.48 4.9 * 10-3 2.04 7.4 * 10-5 0.83 2 * 10-5
STM 37* 0.703898 2 * 10-6 0.512853 1.2 * 10-6 18.88 7.6 * 10-3 15.60 38.50 1.9 * 10-2 2.04 1.1 * 10-4 0.83 4.8 * 10-5
STM 44* 0.703781 2 * 10-6 0.512914 1.6 * 10-6 18.94 9 * 10-3 15.63 7.2 * 10-3 38.60 1.7 * 10-2 2.04 1.5 * 10-4 0.82 4.9 * 10-5
 * = Isotopes collected by OSU collaborator, at DTM, 2014 
Upper Steens
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Figure 22. 143Nd/144Nd ratios plotted against MgO (wt. %). LS = lower Steens,  
US = upper Steens.   Samples distinguished by mineralogy; see legend for  
symbology. Reproducibility of analyses is ±0.00001. 
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Whole Rock Compositions versus Stratigraphic Height 
 Select major elements, trace elements, and isotopes plotted against the 
stratigraphy display shifts in the composition as well as in the sizes of flow to flow 
excursions (Table 11). To analyze the size of variations of all whole rock compositional 
data, we calculated the deltas of each element up the stratigraphy, then we normalized the 
data based on the lowest concentration of each sample so we could compare the sizes of 
all the major- and trace-element excursions on a normalized scale between 0 and 1. The 
figures compare JJ transect to the Kiger Gorge transect.  
 
 
 
 
 
 
 
 
 
 
  
Range Average Range Average
MgO 0-0.48 0.16 0-0.40 0.11
Al2O3 0-0.76 0.18 0.01-0.75 0.17
CaO 0.01-0.32 0.09 0.01-0.55 0.15
K2O 0.01-0.30 0.08 0.01-0.73 1.36
Range Average Range Average
Ni 0-0.53 0.2 0-0.41 0.12
 Cr    0-0.67 0.18 0-0.15 0.04
La 0.01-0.36 0.1 0-0.76 0.23
Eu 0-0.46 0.14 0.02-0.55 0.21
Nb 0-0.52 0.16 0-0.63 0.25
Sr 0-0.36 0.09 0-0.58 0.14
Zr 0-0.44 0.12 0-0.60 0.23
TABLE 11. RANGES AND AVERAGES OF SELECT WHOLE ROCK 
EXCURSIONS UP STRATIGRAPHY
*ME = Major Element; **TE = Trace Elements. The data shows ranges and 
averages of the size of variations for both JJ transect and Kiger Gorge 
transect.
ME* 
Element
Lower Steens Upper Steens
TE** 
Element
Lower Steens Upper Steens
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 The lower Steens basalt flows in the JJ transect display a wider range in size of 
variations for MgO (0-0.48 with an average excursion size of 0.16). Higher in the 
stratigraphy, both JJ transect and Kiger Gorge display smaller excursion sizes in MgO (0-
0.38, with an average of 0.13; Figure 24, Figure 25; Table 8). Al2O3 exhibits similar 
behavior in that in the lower Steens, the variations range from 0-0.76 and the upper 
Steens flows display a smaller range of variations (0.01-0.52). However, the average size 
of excursions is subequal between lower and upper Steens flows (Figure 26, Figure 27; 
Table 8). As shown in Figure 28 and Figure 29, CaO exhibits behavior opposite to the 
above-mentioned major elements with a range of excursion sizes increasing from lower 
(0.01-0.32, average size is 0.09) to upper Steens (0.01-0.66, the average is 0.17). K2O, 
similar to CaO, exhibits excursion sizes that increase from the lower Steens flows (0.01-
0.30, the average is 0.08) in the JJ transect to the upper Steens flows in both the JJ and 
Kiger Gorge transect (0.01-0.61, the average is 0.2; Figure 30 and Figure 31). 
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Figure 24. Major element concentrations plotted against sample location elevation (m). 
(a) MgO wt. % vs. sample location elevation for JJ transect; (b) MgO wt. % vs. sample 
location elevation for Kiger Gorge transect. LS = lower Steens, US = upper Steens. 
Samples distinguished by mineralogy; see legend for symbology.  
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Figure 25. Normalized, delta plots to display size of excursions up stratigraphy 
plotted against sample location elevation (m). (a) MgO wt. % vs. sample location 
elevation for JJ transect; (b) MgO wt. % vs. sample location elevation for Kiger 
Gorge transect. For example JJ1 = the size of excursion (JJ2-JJ1).  
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Figure 26. Major element concentrations plotted against sample location elevation 
(m). (a) Al2O3 wt. % vs. sample location elevation for JJ transect; (b) Al2O3 wt. % 
vs. sample location elevation for Kiger Gorge transect. LS = lower Steens, US = 
upper Steens. Samples distinguished by mineralogy; see legend in Fig. 24 for 
symbology. 
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Figure 27. Normalized, delta plots to display size of excursions up stratigraphy 
plotted against sample location elevation (m). (a) Al2O3 wt. % vs. sample location 
elevation for JJ transect; (b) Al2O3 wt. % vs. sample location elevation for Kiger 
Gorge transect. For example JJ1 = the size of excursion (JJ2-JJ1).  
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Figure 28. Major element concentrations plotted against sample location 
elevation (m). (a) CaO wt. % vs. sample location elevation for JJ transect; (b) 
CaO wt. % vs. sample location elevation for Kiger Gorge transect. LS = lower 
Steens, US = upper Steens. Samples distinguished by mineralogy; see legend in 
Fig. 24 for symbology. 
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Figure 29. Normalized, delta plots to display size of excursions up stratigraphy 
plotted against sample location elevation (m). (a) CaO wt. % vs. sample location 
elevation for JJ transect; (b) CaO wt. % vs. sample location elevation for Kiger 
Gorge transect. For example JJ1 = the size of excursion (JJ2-JJ1).  
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Figure 30. Major element concentrations plotted against sample location elevation 
(m). (a) K2O wt. % vs. sample location elevation for JJ transect; (b) K2O wt. % vs. 
sample location elevation for Kiger Gorge transect. LS = lower Steens, US = upper 
Steens. Samples distinguished by mineralogy; see legend in Fig. 24 for symbology. 
1900
2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000
0 0.5 1 1.5 2 2.5
JJ US Aphyric
JJ US Plag Phyric
JJ US Cpx Phyric
JJ US Plag and Cpx Phyric
JJ US Plag and Olivine Phyric
JJ US No modal texture
JJ LS Aphyric
JJ LS Plag Phyric
JJ LS Olivine Phyric
JJ LS Plag and Olivine Phyric
E
le
v
at
io
n
 (
m
)
K
2
O wt.%
2350
2400
2450
2500
2550
2600
2650
0.5 1 1.5 2 2.5
KG US Aphyric
KG US Plag Phyric
KG US Cpx Phyric
KG US Plag and Cpx Phyric
E
le
v
at
io
n
 (
m
)
 K
2
O wt.%
a 
b 
82 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 31. Normalized, delta plots to display size of excursions up stratigraphy 
plotted against sample location elevation (m). (a) K2O wt. % vs. sample location 
elevation for JJ transect; (b) K2O wt. % vs. sample location elevation for Kiger 
Gorge transect. For example JJ1 = the size of excursion (JJ2-JJ1).  
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 The range of variations for trace elements La, Zr, Nb, and Eu (Figures 32-39) 
generally increases up-section and the average variation size also increases lower Steens 
to upper Steens flows (Table 8). In the lower Steens, La exhibits generally small variation 
sizes between flows, with the exception of a few that are rather significant in size, hence, 
the range in variation size is 0.1-0.59 with an average of 0.15. The excursion range in La 
widens in the upper Steens to 0-0.49, but consistently displays large variations shown by 
the increase in average to 0.19. Eu, Nb, and Zr also exhibit ranges and averages that 
increase from lower Steens to upper Steens. In the lower Steens flows, variations in (1) 
Eu range from 0-0.49 with an average of 0.14, (2) Nb range from 0.61 with an average of 
0.17, and (3) Zr range from 0-0.47 with an average of 0.13. As shown by the whole rock 
data of the upper Steens flows in the JJ transect and Kiger Gorge transect, the size of 
variations increase with (1) Eu ranging between 0.02-0.57 with an average of 0.21, (2) 
Nb ranging between 0-0.73, average size being 0.30, and (3) Zr ranging between 0-0.96 
with an average of 0.28.  
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Figure 32. Trace element concentrations plotted against sample location elevation 
(m). (a) La ppm vs. sample location elevation for JJ transect; (b) La ppm vs. sample 
location elevation for Kiger Gorge transect. LS = lower Steens, US = upper Steens. 
Samples distinguished by mineralogy; see legend in Fig. 24 for symbology. 
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Figure 33. Normalized, delta plots to display size of excursions up stratigraphy 
plotted against sample location elevation (m). (a) La ppm vs. sample location 
elevation for JJ transect; (b) La ppm vs. sample location elevation for Kiger Gorge 
transect. For example JJ1 = the size of excursion (JJ2-JJ1).  
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Figure 34. Trace element concentrations plotted against sample location elevation 
(m). (a) Nb ppm vs. sample location elevation for JJ transect; (b) Nb ppm vs. 
sample location elevation for Kiger Gorge transect. LS = lower Steens, US = upper 
Steens. Samples distinguished by mineralogy; see legend in Fig. 24 for symbology. 
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Figure 35. Normalized, delta plots to display size of excursions up stratigraphy 
plotted against sample location elevation (m). (a) Nb ppm vs. sample location 
elevation for JJ transect; (b) Nb ppm vs. sample location elevation for Kiger Gorge 
transect. For example JJ1 = the size of excursion (JJ2-JJ1).  
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Figure 36. Trace element concentrations plotted against sample location elevation 
(m). (a) Zr ppm vs. sample location elevation for JJ transect; (b) Zr ppm vs. sample 
location elevation for Kiger Gorge transect. LS = lower Steens, US = upper Steens. 
Samples distinguished by mineralogy; see legend in Fig. 24 for symbology. 
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Figure 37. Normalized, delta plots to display size of excursions up stratigraphy 
plotted against sample location elevation (m). (a) Zr ppm vs. sample location 
elevation for JJ transect; (b) Zr ppm vs. sample location elevation for Kiger Gorge 
transect. For example JJ1 = the size of excursion (JJ2-JJ1).  
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Figure 38. Trace element concentrations plotted against sample location elevation 
(m). (a) Eu ppm vs. sample location elevation for JJ transect; (b) Eu ppm vs. sample 
location elevation for Kiger Gorge transect. LS = lower Steens, US = upper Steens. 
Samples distinguished by mineralogy; see legend in Fig. 24 for symbology. 
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Figure 39. Normalized, delta plots to display size of excursions up stratigraphy 
plotted against sample location elevation (m). (a) Eu ppm vs. sample location 
elevation for JJ transect; (b) Eu ppm vs. sample location elevation for Kiger Gorge 
transect. For example JJ1 = the size of excursion (JJ2-JJ1).  
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 Trace elements Cr and Ni (Figure 40 and 41; Figure 42 and 43) have large ranges 
in size of variations for the lower Steens which then decreases up stratigraphy into the 
upper Steens flows. As shown in Table 8, Cr ranges from 0-0.67 with an average of 0.18 
in the lower Steens, and then for the upper Steens, Cr excursions decrease in range of 
sizes (0-0.12, average being 0.04). Ni data exhibits the same behavior with Ni ranging 
from 0-0.53 with an average of 0.19 for lower Steens flows to a range of 0-0.41 with an 
average of 0.12 for upper Steens flows. The range excursions for Sr display similar 
behavior as La, Zr, Nb, and Eu (Figure 44 and Figure 45; Table 8) with a smaller range 
from (0-0.36 with an average of 0.09 for lower Steens flows and a larger range for upper 
Steens flows (0-0.58 with an average size of 0.13).  
Isotopes versus Stratigraphic Height 
 The isotope ratios shown in Figures 46 and 47 are of select flows throughout the 
whole stratigraphy, therefore, stating the changes in range and the average size of variations 
would be misleading. However, qualitatively, 87Sr/86Sr swings between samples going up 
section vary from small to moderate in size for the select lower Steens flows. The upper 
Steens samples for both JJ and Kiger Gorge transect display fairly buffered swings 
compared to lower Steens flows with one major excursion from JJ67, JJ69, and JJ70 in the 
JJ transect (Figure 46). 
 As shown in Figure 47, the select 143 Nd/144Nd samples in the lower Steens 
display small to moderate sized variations whereas variations between the samples in the 
upper Steens are buffered compared to lower Steens flows with one major excursion from 
JJ67, JJ69, and JJ70 in the JJ transect as well as in the Kiger Gorge transect (KG10, 
KG12, KG15; Figure 47).  
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Figure 40. Trace element concentrations plotted against sample location elevation 
(m). (a) Cr ppm vs. sample location elevation for JJ transect; (b) Cr ppm vs. sample 
location elevation for Kiger Gorge transect. LS = lower Steens, US = upper Steens. 
Samples distinguished by mineralogy; see legend in Fig. 24 for symbology. 
a 
b 
94 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 41. Normalized, delta plots to display size of excursions up stratigraphy 
plotted against sample location elevation (m). (a) Cr ppm vs. sample location 
elevation for JJ transect; (b) Cr ppm vs. sample location elevation for Kiger Gorge 
transect. For example JJ1 = the size of excursion (JJ2-JJ1).  
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Figure 42. Trace element concentrations plotted against sample location elevation 
(m). (a) Ni ppm vs. sample location elevation for JJ transect; (b) Ni ppm vs. sample 
location elevation for Kiger Gorge transect. LS = lower Steens, US = upper Steens. 
Samples distinguished by mineralogy; see legend in Fig. 24 for symbology. 
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Figure 43. Normalized, delta plots to display size of excursions up stratigraphy 
plotted against sample location elevation (m). (a) Ni ppm vs. sample location 
elevation for JJ transect; (b) Ni ppm vs. sample location elevation for Kiger Gorge 
transect. For example JJ1 = the size of excursion (JJ2-JJ1).  
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Figure 44. Trace element concentrations plotted against sample location elevation 
(m). (a) Sr ppm vs. sample location elevation for JJ transect; (b) Sr ppm vs. sample 
location elevation for Kiger Gorge transect. LS = lower Steens, US = upper Steens. 
Samples distinguished by mineralogy; see legend in Fig. 24 for symbology. 
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Figure 45. Normalized, delta plots to display size of excursions up stratigraphy 
plotted against sample location elevation (m). (a) Sr ppm vs. sample location 
elevation for JJ transect; (b) Sr ppm vs. sample location elevation for Kiger Gorge 
transect. For example JJ1 = the size of excursion (JJ2-JJ1).  
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Figure 46. Trace element concentrations plotted against sample location elevation 
(m). (a) 87Sr/86Sr ppm vs. sample location elevation for JJ transect; (b) 87Sr/86Sr ppm 
vs. sample location elevation for Kiger Gorge transect. LS = lower Steens, US = 
upper Steens. Samples distinguished by mineralogy; see legend in Fig. 24 for 
symbology. 
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Figure 47. Trace element concentrations plotted against sample location elevation 
(m). (a) 143Nd/144Nd ppm vs. sample location elevation for JJ transect; (b) 
143Nd/144Nd ppm vs. sample location elevation for Kiger Gorge transect. LS = lower 
Steens, US = upper Steens. Samples distinguished by mineralogy; see legend in Fig. 
24 for symbology. 
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Modal Variations and Lava Compositions 
 Sparsely phyric, plagioclase phyric, and olivine phyric flows dominate the lower 
Steens whereas sparsely phyric, clinopyroxene phyric and plagioclase phyric flows 
dominate the upper Steens. Plagioclase-phyric flows (>10% plagioclase) and sparsely 
phyric flows (termed as aphyric in the stratigraphic plots) appear throughout both 
transects. As shown in Figure 26 and Figure 42, there are a few sparsely phyric flows that 
pull variations to higher Al2O3 and Ni content especially in the lower Steens samples. 
Most of the plagioclase phyric flows and few sparsely phyric flows are on the higher end 
of Al2O3 swings. Olivine phyric flows concentrate in the lower Steens flows—except for 
one upper Steens sample in the JJ transect (JJ83)—and typically are on the higher end of 
MgO, Cr, and Ni values and on the lower end of Sr, La, Eu, Zr, and Nb values. The 
majority of olivine phyric flows are at lower Al2O3 content. Clinopyroxene phyric flows 
concentrate in the lower part of the upper Steens—except for one sample higher up in the 
JJ transect (JJ93). These samples lie on the higher end of the small to moderately-sized 
excursions in MgO, however, the clinopyroxene samples lie on both sides of the 
variations for the rest of the select major and trace elements. In Figures 46 and 47, the 
mineral abundances are scattered throughout the Sr and Nd isotope sections. In Figure 47, 
the two major excursions to higher 143Nd/144Nd are with sparsely aphyric flows. In the 
Kiger Gorge transect, the flow KG12, which is a sparsely phyric flow, does the opposite 
in that displays a major excursion to lower 143Nd/144Nd and higher 87Sr/86Sr. In addition, 
another major excursion to lower 143Nd/144Nd is with a clinopyroxene phyric flow can be 
seen in the JJ transect. 
 
102 
 
CHAPTER V 
ENERGY CONSTRAINED RECHARGE, ASSIMILATION, AND FRACTIONAL 
CRYSTALLIZATION MODEL RESULTS 
 The goal of the energy-constrained modeling was to quantitatively constrain the 
relative mass contributions of recharge, assimilation, and fractional crystallization that 
produced observed geochemical variations from the lower to upper Steens flows. As 
mentioned in the methods, I divided the Steens data into a series of 19 stratigraphically 
controlled packages from the base of the lower Steens to the top of the upper Steens. 
Some packages are further divided into 2-6 sub-packages due to groups of data within the 
packages requiring more than one best-fit trend to capture the extent of the behaviors of 
the observed data. I ran ~900 simulations using the whole rock Sr concentration and 
87Sr/86Sr of the lowest sample of each model trend as the input for standing magma. Best-
fit results are defined as those that are within ~2% of the observed 87Sr/86Sr and Sr 
concentration for each flow in the trend; input parameters were also carefully evaluated 
to be geologically reasonable (e.g., values of bulk distribution coefficient for Sr (DSr); 
see discussion below). The range of Sr bulk distribution coefficient utilized in the 
standing magma, recharge magma, and assimilant were based on preliminary calculations 
using average modal abundances of more aphyric samples (DSr is 1.0) Steens samples 
and the more plagioclase phyric samples (DSr is 1.2). Similar ranges of Sr bulk 
distribution coefficients were used in Bohrson and Spera (2001) for models on some 
Columbia River Basalt. The Sr bulk distribution coefficients were then adjusted to 
achieve a best-fit trend for each package and sub-package though never going below a 
DSr of 0.1 given there is some amount of plagioclase in the Steens flows. I outline the 
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ranges of key parameters used in the simulations. I then describe the results of the 
computational modeling and discuss the sensitivity of different model parameters (e.g., 
thermal parameters). EC-RAFC modeling terminology are shown in Table 12.   With 
iterative modeling, best fit trends are defined by comparison with analytical data. 
Overview of Input Parameters  
 For each simulation, the whole rock composition ([Sr] and 87Sr/86Sr) of the lowest 
sample of each model trend was used as input for standing magma. Depending on the 
nature of the trend, models employed either recharge along with fractional crystallization, 
assimilation with fractional crystallization, or all of these. Below, I discuss the range of 
thermal, mass, and compositional parameters for the standing magma, recharge magma 
and assimilant.  
 The thermal parameters (e.g., initial Tmo, wall rock solidus temperature (Ts), 
enthalpies, and specific heats) were kept constant for all models. The initial temperature 
of the standing magma was modeled as constant (1220°C) (Table 13). Initial (750°C), 
liquidus (1170°C) , and solidus (800°C) wallrock temperatures were estimated from 
Spera and Bohrson (2001). The temperature of the intruding recharge melt was set to 
1250°C. The specific heat of standing magma (1484 J/ kg K), recharge magma (1370 J/kg 
K), and assimilant (1484 J/ kg K) were those used in Spera and Bohrson, (2001), as were 
the enthalpy of crystallization of the standing magma (396000 J/kg), recharge magma 
(396000 J/kg), and enthalpy of melting of assimilant (270000 J/kg). Nonlinear melting 
was employed, with values of a and b for the standing magma, recharge magma, and  
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Symbol Definition Unit 
Tom 
Tor 
Tl,m 
Teq 
Tm 
Ta 
Tl,a 
Toa 
Tl,r 
Tr,i 
Δha 
Δhm 
Δhr 
Cp,m 
Cp,a 
Cp,r 
Mr(Tm) 
Mr
o 
Mo 
Mct 
Men 
Ms 
ΔMr,i 
Nr 
mi 
di 
hlib 
Initial standing melt temperature 
Initial recharge melt temperature 
Pristine standing melt liquidus temperature 
Equilibration temperature 
Standing melt temperature 
Temperature of country rock 
Wall rock liquidus temperature 
Initial wall rock temperature 
Recharge melt liquidus temperature 
Temperature midpoint of ith recharge interval 
Enthalpy of fusion of assimilant 
Enthalpy of crystallization of standing magma 
Enthalpy of crystallization of recharge magma 
Magma isobaric specific heat capacity 
assimilant isobaric specific heat capacity 
recharge melt specific heat capacity 
mass of recharge magma 
mass of recharge magma added during RAFC event 
mass of initial magma 
mass of cumulates 
mass of enclaves 
total mass of solids (cumulates plus enclaves) 
ith increment of recharge mass addition 
number of episodes of recharge addition 
parameter in recharge addition mass function 
parameter in recharge addition mass function 
total heat liberated by magma 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
J/kg 
J/kg 
J/kg 
J/kg K 
J/kg K 
J/kg K 
kg 
kg 
kg 
kg 
kg 
kg 
kg 
 
K-1 
 
J 
habs 
Δha 
Total heat absorbed by country rock 
Specific fusion enthalpy of wallrock 
J 
J/kg 
Δha Specific crystallization enthalpy of standing magma J/kg 
Δhr Specific crystallization enthalpy of recharge melt J/kg 
Mm 
Ma* 
Ma
o 
ΔHa 
ΔHm 
ΔHr 
χ 
Ca 
Cr 
Cm 
Cen 
 
Mass of melt in magma body 
Mass of anatectic melt 
Mass of country rock involved in RAFC event 
Enthalpy of wallrock/anatectic melt partition coefficient 
Enthalpy of cumulate/standing melt partition coefficient 
Enthalpy of enclave/recharge melt partition coefficient 
Melt extraction efficiency 
Concentration of trace element in country rocka 
Concentration of trace element in recharge melt 
Concentration of trace element in standing melt 
Concentration of trace element in enclave 
 
kg 
kg 
kg 
J/mol 
J/mol 
J/mol 
 
ppm 
ppm 
ppm 
ppm 
 
TABLE 12. EC-RAFC TERMINOLOGY 
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Symbol 
Ĉa 
Cct 
Ĉct 
Ĉen 
Dm 
Da 
 
Definition 
average concentration of anatectic melt along path Tao→Tm 
Instantaneous concentration of trace element in cumulate 
Average concentration of cumulates along path Tmo→Tm 
Average concentration of enclaves along path  Tmo→Tm 
Bulk distribution coefficient between cumulate and melt 
bulk distribution coefficient between wallrock and anatectic melt 
 
Unit 
ppm 
ppm 
ppm 
ppm 
 
Dr 
𝑠 ≡
𝐶𝑎
𝑜
𝐶𝑚
𝑜  
𝑡 ≡
𝐶𝑟
𝑜
𝐶𝑚
𝑜  
Ԑm 
Ԑr 
Ԑa 
δa 
δm 
δr 
fm(T) 
fa(T) 
fr(T) 
?̅?𝑒𝑛
≡
𝑀𝑒𝑛
𝑀𝑜
 
?̅?𝑐𝑡 ≡
𝑀𝑐𝑡
𝑀𝑜
 
?̅?𝑠 ≡
𝑀𝑠
𝑀𝑜
 
?̅?𝑎
𝑜 ≡
𝑀𝑎
𝑜
𝑀𝑜
 
bulk distribution coefficient between enclave and recharge melt 
ratio of initial concentration of trace element in country rock and 
pristine magma 
ratio of initial concentration of trace element in recharge melt  
and pristine magma 
isotopic ratio in standing melt 
isotopic ratio in recharge melt 
isotopic ratio in assimilant 
oxygen isotopic composition of assimilant 
oxygen isotopic composition of standing magma 
oxygen isotopic composition of recharge melt 
melt productivity of pristine initial standing melt composition 
melt productivity of wallrock composition 
melt productivity of recharge melt composition 
nondimensional mass of enclaves 
nondimensional mass of cumulates 
nondimenional mass of all solids (cumulates plus enclaves) 
nondimensional mass of assimilant 
 
?̅?𝑒𝑞 ≡
𝑇𝑒𝑞
𝑇𝑙,𝑚
 Nondimensional equilibration temperature  
?̅?𝑎 ≡
𝑇𝑎
𝑇𝑙,𝑚
 Nondimensional assimilant temperature  
?̅?𝑚 ≡
𝑇𝑚
𝑇𝑙,𝑚
 Nondimensional magma temperature  
?̅?𝑚 ≡
𝑀𝑚
𝑀𝑜
 Nondimensional melt fraction in magma body  
𝐶?̅? ≡
𝐶𝑎
𝐶𝑎𝑜
 Nondimensional  concentration of trace element in anatectic 
melt 
 
𝐶?̅? ≡
𝐶𝑟
𝐶𝑟𝑜
 Nondimensional concentration of trace element in recharge 
magma 
 
𝐶?̅? ≡
𝐶𝑚
𝐶𝑚𝑜
 Nondimensional concentration of trace element in melt  
   *Modified from Spera and Bohrson (2002). Initial values for trace element concentrations and isotope 
ratios signified by o. 
TABLE 12. (CONTINUED) 
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assimilant denoted in Table 14 and Figure 48 (which illustrates the slope of the melting 
functions), were informed based upon the study of Bohrson and Spera (2001). The 
temperature of equilibrium (Teq) and the mass of wall rock (Mao) involved in the RAFC 
event (Table 14) were chosen as an ordered pair; ranges of ordered pairs were chosen 
iteratively until a best-fit result was achieved. The range of Teq was 972 to 1003 deg C.  
Thermal parameters* Value
Tl,m 1220
Tm
o 1220
Tl,a 1170
Ta
o 750
Tl,r 1250
Tr
o 1250
Ts 800
Δhm (J/kg ) 396000
Cp,m (J/kg K) 1484
Δha (J/kg ) 270000
Cp,a (J/kg K) 1370
Δhr (J/kg ) 396000
Cp,r (J/kg K) 1484
*Thermal parameters are constant for all 
best-fit models of the 19 packages with 
the exception of equilibrium temperature 
(Teq).
TABLE 13. EC-RAFC THERMAL 
PARAMETERS
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 The normalized mass ratio of recharge magma (Mro) added to the standing 
magma ranged from 0-1, with the average input for lower Steens packages of 0.37 and 
that for upper Steens of 0.41(Table 14). Two types of recharge events, linear and 
episodic, were applied. Linear recharge is the continuous addition of recharge magma to 
the standing magma till the model run ends at thermal equilibrium. Episodic recharge is 
the application of all or a percentage of the mass of recharge magma at a specific 
temperature in the model run. Generally, linear recharge was applied to reflect “steady 
state” behavior that might be required to maintain estimated modest to high effusion 
rates. However, for a few packages, linear recharge did not produce reasonable fits to the 
data; in these cases, episodic recharge was applied. The normalized melt extraction 
efficiency (X) mixed into the magma body ranged from 0-1, with averages for both lower 
and upper Steens of 0.37 (Table 14).  
 The whole rock Sr (ppm) and 87Sr/86Sr of the stratigraphically lowest sample of 
each model trend within each package was used for the standing magma (summarized in 
Table 15). Best-fit results were achieved with bulk Sr distribution coefficient (Dm) for the 
standing magma that ranged from 0.1-1.3, with an average of 0.8 for the lower Steens and 
0.7 for upper Steens. The concentration of Sr for the recharge magma varied from 350-
390 ppm and the 87Sr/86Sr signatures ranged from 0.70285 to 0.70337. 
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TABLE 14. EC-RAFC MODELING: THERMAL AND MASS INPUT
Package 
# of model 
trends
Flows
Open system 
Process/es 
used in EC-
RAFC
Teq                      
Non Linear    Crystallization 
and Melting
Mao                      X                  Mro                                                            
Type of 
Recharge
Mass and 
Temperature of 
Recharge magma
1 1 JJ1-JJ2
Recharge/ 
Assimilation
987.07 1.252 0.064 0.1
Linear 
Recharge
1250°C
JJ2-JJ3 Assimilation 987.07 1.123 0.58 - - -
JJ3-JJ4
Recharge/ 
Assimilation
987.07 1.38 0.08 0.2
Linear 
Recharge
1250°C
3 1 JJ4, JJ5, JJ9 Assimilation 996.03 0.983 1 - - -
JJ9-JJ12 Recharge 990.05 - - 0.486
Linear 
Recharge
1250°C
JJ12-JJ14 Assimilation 987.07 1.123 0.58 - - -
JJ14-16 Assimilation 1000.51 0.92 0.05 - - -
JJ16-JJ17
Recharge/ 
Assimilation
994.53 1.47 0.08 0.4
Linear 
Recharge
1250°C
JJ17-JJ18 Assimilation 990.05 1.074 0.11 - - -
JJ18-JJ23 Assimilation 987.07 1.123 0.258 - - -
JJ23-JJ28 Recharge 975.12 - - 0.53
Linear 
Recharge
1250°C
JJ28-JJ33 Assimilation 987.07 1.123 0.22 - - -
JJ33-JJ43 Recharge 987.07 - - 0.09
Linear 
Recharge
1250°C
2 2
4 2
Magma a  355                                
Magma b  -12.8                      
Assimilant a  355                           
Assimilant b  -12.8                    
Recharge Magma a  355                
Recharge Magma b  -12.8        
5 7
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Package 
# of model 
trends
Flows
Process/es 
used in EC-
RAFC
Teq                      
Non Linear    Crystallization 
and Melting
Mao                      X                  Mro                                                            
Type of 
Recharge
Mass and 
Temperature of 
Recharge magma
JJ43. JJ44, 
JJ45
Recharge/ 
Assimilation
991.55 1.334782192 0.6 0.235 Episodic               
   Episode 1:     
ΔMr,i      0.235 
Tm,i     1045°C      
mr,i             0.3      
d,i                2
JJ45-JJ46 Assimilation 987.07 1.123 0.2 - - -
JJ46-JJ49 Recharge 987.07 - - 1 Episodic                
   Episode 1:      
ΔMr,i         0.5    
Tm,i   1220°C      
mr,i             0.3      
d,i                 2                
Episode 2:        
ΔMr,i         0.5   
Tm,i    1175°C      
mr,i            0.3      d,i               
2 
7 1 JJ49-JJ50 Assimilation 987.07 1.123 0.37 - - -
8 1 JJ50-JJ52 Recharge 987.07 - - 0.36
Linear 
Recharge
1250°C
JJ52-JJ56 Assimilation 987.07 1.123 0.7 - - -
JJ56-JJ57 Recharge 987.07 - - 0.18
Linear 
Recharge
1250°C
6 3
9 2
TABLE 14. (CONTINUED)
Magma b  355                             
Magma b  -12.8                      
Assimilant a  355                       
Assimilant b  -12.8                   
Recharge Magma a  355                
Recharge Magma b  -12.8
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Package 
# of model 
trends
Flows
Process/es 
used in EC-
RAFC
Teq                      
Non Linear    Crystallization 
and Melting
Mao                      X                  Mro                                                            
Type of 
Recharge
Mass and 
Temperature of 
Recharge magma
JJ58-JJ59 Assimilation 987.07 1.123 0.7 - - -
JJ59, JJ61, 
JJ62, JJ65
Recharge 1003.49 - - 0.48
Episodic 
Recharge
   Episode 1:      
ΔMr,i      0.43     
Tm,i     1220°C      
mr,i           0.3       d,i            
2                Episode 
2:        ΔMr,i     0.05    
Tm,i   1175°C      
mr,i            0.3      d,i               
2 
11 1 JJ65-JJ67 Assimilation 987.07 1.123 0.08 - - -
12 1 JJ67-JJ69 Assimilation 972.14 1.407 1 - - -
13 1 JJ69-JJ71
Recharge/ 
Assimilation
990.05 2.185 0.365 0.9 Episodic        
   Episode 1:      
ΔMr,i       0.45   
Tm,i     1220°C      
mr,i             0.3      
d,i                 2                
Episode 2:          
ΔMr,i       0.45      
Tm,i    1175°C          
mr,i           0.3       d,i             
2 
JJ71-JJ73
Recharge/ 
Assimilation
987.07 1.573 0.25 0.35
Linear 
Recharge
1250°C
JJ73-JJ77 Assimilation 987.07 1.123 0.1 - - -
10 2
14 2
TABLE 14. (CONTINUED)
Magma a  355                               
Magma b  -12.8                         
Assimilant a  355                              
Assimilant b  -12.8                   
Recharge Magma a  355                     
Recharge Magma b  -12.8
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Package 
# of model 
trends
Flows
Process/es 
used in EC-
RAFC
Teq                      
Non Linear    Crystallization 
and Melting
Mao                      X                  Mro                                                            
Type of 
Recharge
Mass and 
Temperature of 
Recharge magma
JJ77-JJ80
Recharge/ 
Assimilation
999.01 1.127 0.01 0.17
Linear 
Recharge
1250°C
JJ80-JJ82 Assimilation 987.07 1.123 0.44 - - -
16 1 JJ82-JJ83 Assimilation 985.57 1.149 0.099 - - -
JJ83-JJ85 Assimilation 987.07 1.123 0.8 - - -
JJ85-JJ87 Recharge 996.03 - - 0.21
Linear 
Recharge
1250°C
18 1 JJ87-JJ91 Assimilation 987.07 1.123 0.26 - - -
19 1 JJ91-JJ95 Recharge 991.55 - - 0.366
Linear 
Recharge
1250°C
15 2
TABLE 14. (CONTINUED)
Magma a  355                        
Magma b  -12.8               
Assimilant a  355             
Assimilant b  -12.8                    
Recharge Magma a  355                
Recharge Magma b  -12.8
17 2
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Figure 48. Nonlinear crystallization and melt production functions chart of the standing magma (fm), 
assimilant (fa), and recharge magma (fr) plotted against temperature (deg C) chosen for EC-RAFC 
modeling. Fm: Magma a = 355, Magma b = -12.8; Fa: Assim (assimilant) a = 355, Assim b = -12.8; Fr: 
RM (Recharge Magma) a = 355, RM b = -12.8. See Spera and Bohrson, (2001) for further information of 
melt production functions. 
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 The normalized mass ratio of recharge magma (Mro) added to the standing 
magma ranged from 0-1, with the average input for lower Steens packages of 0.37 and 
that for upper Steens of 0.41(Table 14). Two types of recharge events, linear and 
episodic, were applied. Linear recharge is the continuous addition of recharge magma to 
the standing magma till the model run ends at thermal equilibrium. Episodic recharge is 
the application of all or a percentage of the mass of recharge magma at a specific 
temperature in the model run. Generally, linear recharge was applied to reflect “steady 
state” behavior that might be required to maintain estimated modest to high effusion 
rates. However, for a few packages, linear recharge did not produce reasonable fits to the 
data; in these cases, episodic recharge was applied. The normalized melt extraction 
efficiency (X) mixed into the magma body ranged from 0-1, with averages for both lower 
and upper Steens of 0.37 (Table 14).  
The whole rock Sr (ppm) and 87Sr/86Sr of the stratigraphically lowest sample of 
each model trend within each package was used for the standing magma (summarized in 
Table 15). Best-fit results were achieved with bulk Sr distribution coefficient (Dm) for the 
standing magma that ranged from 0.1-1.3, with an average of 0.8 for the lower Steens and 
0.7 for upper Steens. The concentration of Sr for the recharge magma varied from 350-
390 ppm and the 87Sr/86Sr signatures ranged from 0.70285 to 0.70337.  
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TABLE 15. EC-RAFC MODELING: COMPOSITIONAL INPUT
Package 
# of 
model 
trends
Flows
Cm
o                             
Sr ppm                                
Ԑm
o                            
87
Sr/
86
Sr                              
 Dm             
Sr                 
Ca
o                           
Sr (ppm)                                
Ԑa
o                            
87
Sr/
86
Sr                                
   Da                      
Sr 
Cr
o                           
Sr (ppm)                               
Ԑr
o                            
87
Sr/
86
Sr                                
   Dr                       
Sr  
1 1 JJ1-JJ2 442 0.70353 0.7 200 0.70431 1 350 0.7032 0.6
JJ2-JJ3 523 0.70353 1.0 200 0.70510 0.8 - - -
JJ3-JJ4 412 0.70384 1.2 200 0.70460 0.5 390 0.70337 0.6
3 1 JJ4, JJ5, JJ9 341 0.70381 0.7 200 0.70400 0.13 - - -
JJ9-JJ12 342 0.70388 0.5 - - - 380 0.703 1.05
JJ12-JJ14 510 0.70359 1.3 200 0.70410 1.5 - - -
JJ14-16 323 0.70367 1.1 200 0.70450 1.1 - - -
JJ16-JJ17 307 0.70369 0.6 200 0.70430 0.2 380 0.70315 0.7
JJ17-JJ18 419 0.70356 0.8 200 0.70450 0.2 - - -
JJ18-JJ23 450 0.70362 1.3 200 0.70450 0.95 - - -
JJ23-JJ28 325 0.70373 1.3 - - - 380 0.70305 0.9
JJ28-JJ33 262 0.70346 0.5 215 0.70515 1.2 - - -
JJ33-JJ43 347 0.70367 1.1 - - - 380 0.70318 1.2
JJ43. JJ44, 
JJ45
311 0.70363 0.2 225 0.70400 0.15 380 0.70310 0.2
JJ45-JJ46 465 0.70366 1.13 200 0.70440 0.4 - - -
JJ46-JJ49 395 0.70374 1.12 - - - 380 0.70285 0.5
7 1 JJ49-JJ50 351 0.70333 0.7 200 0.70440 0.3 - - -
8 1 JJ50-JJ52 392 0.70356 1.06 - - - 380 0.70300 0.9
JJ52-JJ56 379 0.70341 0.1 200 0.70410 0.5 - - -
JJ56-JJ57 510 0.70360 1.14 - - - 380 0.70322 0.2
JJ58-JJ59 588 0.70377 0.58 200 0.70420 0.9 - - -
JJ59, JJ61, 
JJ62, JJ65
532 0.70385 1.2 - - - 380 0.70300 1.1
2 2
4 2
5 7
6 3
9 2
10 2
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Package 
# of 
model 
trends
Flows Cm
o                            Ԑm
o                                                            Dm                      Ca
o                     Ԑa
o                                                            Da                      Cr
o                        Ԑr
o                                                               Dr                      
11 1 JJ65-JJ67 436 0.70368 0.8 207 0.70450 0.9 - - -
12 1 JJ67-JJ69 483 0.70371 0.46 200 0.70488 0.37 - - -
13 1 JJ69-JJ71 522 0.70415 0.2 270 0.70425 0.2 380 0.70300 0.9
JJ71-JJ73 726 0.70384 1.2 200 0.70406 1.2 380 0.703 0.8
JJ73-JJ77 472 0.70374 0.99 200 0.70450 0.37 - - -
JJ77-JJ80 454 0.70378 0.475 200 0.70440 0.2 380 0.703 0.7
JJ80-JJ82 610 0.70369 1.2 200 0.70462 0.4 - - -
16 1 JJ82-JJ83 450 0.70386 0.672 210 0.70454 0.2 - - -
JJ83-JJ85 553 0.70389 0.46 200 0.70450 0.96 - - -
JJ85-JJ87 517 0.70402 0.98 - - - 380 0.703 1
18 1 JJ87-JJ91 502 0.70389 0.81 200 0.70450 0.9 - - -
19 1 JJ91-JJ95 498 0.70395 0.89 - - - 380 0.703 1
TABLE 15. (CONTINUED)
17 2
14 2
15 2
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 This range of 87Sr/86Sr signatures is within that of Pacific MORB signature as 
defined by Wolff and Ramos (2013). The lower Steens models required wider range of Sr 
concentrations and isotope ratios for the recharge magma than the upper Steens models. 
The recharge magma’s Sr bulk distribution coefficient (Dr) for lower Steens packages are 
generally incompatible (ranging from 0.2-1.2 with an average of 0.72), while the upper 
Steens packages needed recharge magmas with higher a Dr (ranging from 0.7-1.1 with an 
average of 0.91). The crust in which the Steens magmatic system resides consists of 
accreted terranes (e.g. ophiolite sequences, amphibolites, etc.). Therefore, the assimilant 
Sr concentration, which ranged from 200-270 ppm, were informed by whole rock data on 
amphibolite samples (DeBari et al. (1999)), who studied lower to upper crustal 
components of the Jurassic Bonanza island arc, Vancouver Island, Canada. This 
amphibolite is considered a good crustal proxy because the accreted terrane crust has an 
amphibolite component [Johnson and Grunder, 2000]. The range of 87Sr/86Sr (0.704-
0.7052) were chosen from literature on the accreted terranes (e.g. Harper et al. (1994); 
mentioned in Chapter II). The lower Steens models used a wider range of [Sr] for the 
recharge magma (350-390 ppm) compared to the assimilant (200-225 ppm). The upper 
Steens models had a wider range of [Sr] for the assimilant (200-270 ppm) compared to 
concentration of the recharge magma (380 ppm). The lower Steens models used a wider 
range of 87Sr/86Sr for the assimilant (0.704-0.70515) versus upper Steens (0.70406-
0.70488). The assimilant’s bulk Sr distribution coefficient (Da) is generally incompatible 
for both lower and upper Steens packages, with lower Steens ranging from 0.1-1.2 
(average of 0.65) and upper Steens ranging from 0.2-1.2 (average of 0.6), respectively.  
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Model Outputs 
 The outputs of the EC-RAFC models, summarized in Table 16, consist of (all 
mass ratios are normalized to the starting mass of the standing magma body) (1) the mass 
of enclaves (Men); (2) the melt extraction efficiency (X) which determines how much of 
the partial melt from the wall rock actually mixes in with the standing magma; (3) the 
mass of anatectic melt produced (Ma*); (4) the mass of anatectic melt added into the 
standing magma (XMa*); (5) the mass of cumulates removed from the standing magma 
(Mct). Below, I discuss the outputs of each package and results of sensitivity tests that 
demonstrate that changing some of the thermal parameters have little effect on the best-fit 
results. In the following descriptions, the first sample of the package or sub-package is 
the parent (composition of the standing magma; normalized mass of 1) and the daughter 
magma produced from run becomes the parent for the subsequent package or sub-
package. The modeling assumption that each flow is the direct relative of one below or 
above is not necessarily true since flows may not always follow the paths and Kiger 
Gorge and JJ transects are not identical. This assumption is more in a way a test of 
possible consanguinity and whether the geochemical variations seen in the flows can be 
reproduced by little difference in the components but with variable balance in magmatic 
processes.  
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TABLE 16. EC-RAFC MODELING: OUTPUTS
Package 
# of model 
trends
Flows
Open System 
Process/es used 
in EC-RAFC
Men                                                            Ma* XMa*^ Mc              
1 1 JJ1-JJ2
Recharge/ 
Assimilation
0.02 0.81 0.05 0.59
JJ2-JJ3 Assimilation - 0.73 0.42 0.54
JJ3-JJ4
Recharge/ 
Assimilation
0.03 0.89 0.07 0.64
3 1 JJ4, JJ5, JJ9 Assimilation - 0.70 0.70 0.48
JJ9-JJ12 Recharge 0.07 - - 0.75
JJ12-JJ14 Assimilation - 0.73 0.42 0.54
JJ14-16 Assimilation - 0.68 0.03 0.44
JJ16-JJ17
Recharge/ 
Assimilation
0.1 1.03 0.08 0.67
JJ17-JJ18 Assimilation - 0.72 0.08 0.52
JJ18-JJ23 Assimilation - 0.73 0.19 0.54
JJ23-JJ28 Recharge 0.09 - - 0.91
JJ28-JJ33 Assimilation - 0.73 0.16 0.54
JJ33-JJ43 Recharge 0.01 - - 0.59
JJ43. JJ44, JJ45
Recharge/ 
Assimilation
0.06 0.91 0.54 0.59
JJ45-JJ46 Assimilation - 0.73 0.15 0.54
JJ46-JJ49 Recharge 0.006 - - 1.17
7 1 JJ49-JJ50 Assimilation - 0.73 0.27 0.54
8 1 JJ50-JJ52 Recharge 0.05 - - 0.77
JJ52-JJ56 Assimilation - 0.73 0.51 0.54
JJ56-JJ57 Recharge 0.03 - - 0.63
JJ58-JJ59 Assimilation - 0.73 0.51 0.54
JJ59, JJ61, JJ62, 
JJ65
Recharge 0.002 1.46 0.53 0.67
11 1 JJ65-JJ67 Assimilation - 0.73 0.06 0.54
12 1 JJ67-JJ69 Assimilation - 0.73 0.73 0.65
13 1 JJ69-JJ71
Recharge/ 
Assimilation
0.005 1.46 0.53 1.07
JJ71-JJ73
Recharge/ 
Assimilation
0.05 0.35 0.09 0.71
JJ73-JJ77 Assimilation - 0.73 0.07 0.54
2
2
14 2
6 3
9
10
5 7
2
4 2
2
119 
 
 
Package 1 
 Package 1 consists of lower Steens flows (JJ1-JJ2). The composition of JJ1 was 
the parent and the composition of JJ2 was the composition of the daughter magma 
produced from the model trend (Figure 49 a). As shown in Table 14, a small recharge 
mass (Mro = 0.1) and a small anatectic melt extraction efficiency (X = 0.064) yielded the 
best-fit trend. The mass of cumulates removed from the standing magma (Mct) is 0.59 
(i.e., 59% of the magma body (Table 16). The mass of anatectic melt produced (Ma*) is 
0.81. The mass of anatectic melt mixed into the standing magma (XMa*) is small (0.05; 
Table 16). The mass of enclaves (Men) is small as well (0.02; Table 16).  
 
 
 
Package 
# of model 
trends
Flows
Open System 
Process/es used 
in EC-RAFC
Men                                                            Ma*                    XMa* Mc              
JJ77-JJ80
Recharge/ 
Assimilation
0.02 0.83 0.01 0.52
JJ80-JJ82 Assimilation - 0.73 0.32 0.54
16 1 JJ82-JJ83 Assimilation - 0.73 0.07 0.55
JJ83-JJ85 Assimilation - 0.73 0.58 0.54
JJ85-JJ87 Recharge 0.03 - - 0.57
18 1 JJ87-JJ91 Assimilation - 0.73 0.19 0.54
19 1 JJ91-JJ95 Recharge 0.05 - - 0.68
TABLE 16. (CONTINUED)
^ XMa* = Normalized mass of antectic melt mixed into the standing magma
17 2
15 2
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Figure 49. Plot of [Sr] ppm vs. 87Sr/86Sr data (Steens lavas; see Table 9 for isotope data 
and Table 5 for packages) and best fit result of EC-RAFC simulations (purple line) for 
(a) package 1 (flows JJ1 to JJ2) and (b) package 2 (flows JJ2 to JJ3 and flows JJ3 to 
JJ4). LS = lower Steens, US = upper Steens. 
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Package 2 
 Package 2 consists of lower Steens flows (JJ2-JJ4) with two model sub-packages 
(JJ2-JJ3 and JJ3-JJ4) making up the package. The compositions of JJ2 and JJ3 were the 
parents and JJ3 and JJ4 were the daughter magmas of the two sub-package model trends 
(Figure 49 b). As shown in Table 14, assimilation (X = 0.42) yielded the best fit trend for 
sub-package 1 and recharge/assimilation (Mro =0.2, X=0.08) yielded the best-fit trend for 
sub-package 2. Mct is 0.54 and 0.64 (Table 16). Ma* is 0.73 and 0.89. XMa* is moderate 
for the first trend (0.42) and small for the second trend (0.07) (Table 16). Men for the 
sub-package 2 is small (0.03) (Table 16). 
Package 3 
 Package 3 consists of lower Steens flows (JJ4-JJ9); JJ4 was the parent and the 
composition of JJ9 was the daughter magma of the model trend (Figure 50 a). 
Assimilation (X = 1) yielded the best-fit trend (Table 14). Mct is 0.48 (Table 16). Ma* is 
0.70 and XMa* is large (0.70).  
Package 4 
 Package 4 consists of lower Steens flows (JJ9-JJ14) with two model sub-packages 
(JJ9-JJ12 and JJ12-JJ14) making up the package (Figure 50 b). The compositions of JJ9 
and JJ12 were the parents and JJ12 and JJ14 were the daughter magmas of the two sub-
package model trends. Recharge (Mro =0.48) yielded the best-fit trend for sub-package 1 
and assimilation (X=0.58) yielded the best-fit trend for sub-package 2 (Table 14). Mct are 
0.75 and 0.54, respectively (Table 16). Ma* is 0.73 and XMa* is 0.42 for sub-package 2. 
Men for sub-package 1 is small (0.07) (Table 16). 
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Figure 50. Plot of [Sr] ppm vs. 87Sr/86Sr data (Steens lavas; see Table 9 for isotope data 
and Table 5 for packages) and best fit result of EC-RAFC simulations (purple line) for (a) 
package 3 (flows JJ4, JJ5, and JJ9) and (b) package 4 (flows JJ9 to JJ12 and flows JJ12 to 
JJ14). LS = lower Steens, US = upper Steens. 
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Package 5 
 Package 5 consists of lower Steens flows (JJ14-JJ43) with 7 model sub-packages 
(JJ14-JJ16, JJ16-J17, JJ17-JJ18, JJ18-JJ23, JJ23-JJ28, JJ28-JJ33, and JJ33-JJ43). The 
compositions of JJ14, JJ16, JJ17, JJ18, JJ23, JJ28, and JJ33 were used as the parent for 
the respective sub-packages and JJ16, JJ17, JJ18, JJ23, JJ28, JJ33, and JJ43 were the 
daughter magmas for each sub-package model trend (Figure 51 a). Assimilation (X =0.5, 
0.11, 0.25, and 0.22) yielded best-fit results for sub-packages JJ14-JJ16, JJ17-JJ18, JJ18-
JJ23, and JJ28-JJ33 (Table 14). Recharge (Mro = 0.4) and assimilation (X = 0.08) yielded 
best-fit results for sub-package JJ16-JJ17.  Recharge (Mro = 0.53 and 0.09) yielded best-
fit results for sub-package JJ23-JJ28 and JJ33-JJ43 (Table 14). Mct ranges from 0.44-0.91 
(Table 16). Ma* is 0.68, 1.03, 0.72, 0.73, and 0.73 (Table 16). Ma* ranges from 0.68 to 
1.03 between sub-packages 1-4, and 6. XMa* is 0.03, 0.08, 0.08, 0.19, 0.16, respectively 
(Table 16). Men produced from the respective sub-packages that employed recharge are 
0.1, 0.09, and 0.01 (Table 16).  
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Figure 51. Plot of [Sr] ppm vs. 87Sr/86Sr data (Steens lavas; see Table 9 for isotope data 
and Table 5 for packages) and best fit result of EC-RAFC simulations (purple line) for (a) 
package 5 (flows JJ14 to JJ16, JJ16 to JJ17, JJ17 to JJ18, JJ18 to JJ23, JJ23 to JJ28, JJ28 
to JJ33, and JJ33 to JJ43) and (b) package 6 (flows JJ43 to JJ45, JJ45 to JJ46, and JJ46 to 
JJ49). LS = lower Steens, US = upper Steens. 
0.7033
0.7034
0.7035
0.7036
0.7037
0.7038
0.7039
250 300 350 400 450 500 550
JJ14-JJ16, Assimilation: 0.03
JJ16-JJ17 Recharge: 0.4
           Assimilation: 0.08
JJ17-JJ18 Assimilation: 0.08
JJ18-JJ23 Assimilation: 0.19
JJ23-JJ28 Recharge: 0.53
JJ28-JJ33 Assimilation: 0.16
JJ33-JJ43 Recharge: 0.09
lower Steens
JJ14
JJ16
JJ17
JJ18
JJ23
JJ25
JJ28
JJ33
JJ43
Sr ppm
8
7
S
r/
8
6
S
r
0.7033
0.7034
0.7035
0.7036
0.7037
0.7038
0.7039
250 300 350 400 450 500 550
JJ43-JJ45 Recharge: 0.235
           Assimilation: 0.54
JJ45-JJ46 Assimilation: 0.15
JJ46-JJ49 Recharge: 1
lower Steens
JJ1 JJ2
JJ4
JJ9
JJ12
JJ14
JJ16
JJ17
JJ18
JJ23
JJ25
JJ28
JJ33
JJ43
JJ44
JJ45
JJ46
JJ49
JJ50
JJ52
JJ53
JJ54
JJ55
JJ56
JJ57
8
7
S
r/
8
6
S
r
Sr ppm
a 
b 
125 
 
Package 6 
  Package 6 consists of lower Steens flows (JJ43-JJ49) with three sub-
packages (JJ43-JJ45, JJ45-JJ46, and JJ46-JJ49). JJ43, JJ45, and JJ46 were the parents for 
the respective sub-packages and JJ45, JJ46, JJ49 were the daughter magmas for each 
respective sub-package model trend (Figure 51 b). Episodic recharge (Mro = 0.235) and 
assimilation (X = 0.6) yielded the best-fit trend of sub-package 1 (Table 14). Assimilation 
(X = 0.2) yielded the best-fit trend for sub-package 2. Episodic recharge (Mro = 1) 
yielded the best fit trend for sub-package 3. Mct ranges from 0.54-1.17 (Table 16). Ma* is 
0.91 and 0.73 for sub-package 1 and 2. XMa* is 0.91 and 0.73, respectively. Men is small 
(0.06 and 0.006, respectively) (Table 16).  
Package 7 
 Package 7 consists of lower Steens flows (JJ49-JJ50); JJ49 was used for the 
parent and JJ50 was the daughter magma of model trend (Figure 52 a). Assimilation (X = 
0.37) was used to produce the best-fit trend (Table 14). Mct is 0.54 (Table 16). Ma* is 
0.73 and XMa* is 0.27 (Table 16).  
Package 8 
 Package 8 consists of lower Steens flows (JJ50-JJ52); JJ50 was used for the 
parent magma and JJ52 was the daughter magma of the model trend (Figure 52 b). 
Recharge (Mro = 0.36) yielded the best-fit trend (Table 14). Mct is 0.77 and Men is small, 
0.05 (Table 16).  
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Figure 52. Plot of [Sr] ppm vs. 87Sr/86Sr data (Steens lavas; see Table 9 for isotope data 
and Table 5 for packages) and best fit result of EC-RAFC simulations (purple line) for (a) 
package 7 (flows JJ49 to JJ50) and (b) package 8 (flows JJ50 to JJ52). LS = lower Steens, 
US = upper Steens. 
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Package 9 
 Package 9 consists of lower Steens flows (JJ52-JJ57) with two sub-packages 
(JJ52-JJ56 and JJ56-JJ57). JJ52 and JJ56 were the parent and JJ56 and JJ57 were the 
daughter magmas of the respective sub-package model trends. (Figure 53 a). Assimilation 
(X=0.7) yielded the best-fit trend for sub-package 1 and recharge (Mro = 0.18) yields the 
best-fit trend for sub-package 2 (Table 14). Mct are 0.54 and 0.64, respectively (Table 
16). Ma* is 0.73 and XMa* is 0.51 for sub-package 1. Men for sub-package 2 is small 
(0.03). 
Package 10 
 Package 10 consists of upper Steens flows (JJ58-JJ65) with two sub-packages 
(JJ58-JJ59 and JJ59- JJ65). JJ58 and JJ59 were used as the parents and JJ59 and JJ65 
were the daughter magmas of the respective sub-package model trends (Figure 53 b). 
Assimilation (X = 0.7) yields the best-fit trend for sub-package 1 and episodic recharge 
(Mro = 0.48) yields the best-fit trend for sub-package 2 (Table 14). Mct are 0.54 and 0.67, 
respectively (Table 16). For sub-package 1, Ma* is 0.73 and XMa* is 0.51. Men is small 
(0.002) for sub-package 2.  
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Figure 53. Plot of [Sr] ppm vs. 87Sr/86Sr data (Steens lavas; see Table 9 for isotope data 
and Table 5 for packages) and best fit result of EC-RAFC simulations (purple line) for (a) 
package 9 (flows JJ52 to JJ56 and JJ56 to JJ57) and (b) package 10 (flows JJ58 to JJ59 
and flows JJ59, JJ61, JJ62, and JJ65). LS = lower Steens, US = upper Steens. 
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Package 11 
 Package 11 consists of upper Steens flows (JJ65-JJ67); JJ65 was used for the 
parent and JJ67 was daughter magma of the package model trend (Figure 54 a). 
Assimilation (X = 0.08) yielded the best-fit trend (Table 14). Mct is 0.54, Ma* is 0.73, 
and XMa* is small, 0.06 (Table 16).  
Package 12 
 Package 12 consists of upper Steens flows (JJ67-JJ69); JJ67 was used for the 
parent and JJ69 was the daughter magma of the package model trend (Figure 54 b). 
Assimilation (X = 1) yielded the best-fit trend (Table 14). Mct is 0.65, Ma* is 0.73, and 
XMa* is 0.73 (Table 16). 
Package 13 
 Package 13 consists of upper Steens flows (JJ69-JJ71), JJ69 was used for the 
parent and JJ71 was the daughter magma of the package model trend (Figure 55 a). 
Episodic recharge (Mro = 0.9) and a small amount assimilation (X = 0.36) yielded the 
best-fit trend (Table 14). Mc is 1.07, Ma* is 1.46, XMa* is 0.53, and Men is small 
(0.005; Table 16).  
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Figure 54. Plot of [Sr] ppm vs. 87Sr/86Sr data (Steens lavas; see Table 9 for isotope data 
and Table 5 for packages) and best fit result of EC-RAFC simulations (purple line) for  
(a) package 11 (flows JJ65 to JJ67) and (b) package 12 (flows JJ67 to JJ69). LS = lower 
Steens, US = upper Steens. 
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Figure 55. Plot of [Sr] ppm vs. 87Sr/86Sr data (Steens lavas; see Table 9 for isotope data 
and Table 5 for packages) and best fit result of EC-RAFC simulations (purple line) for (a) 
package 13 (flows JJ69, JJ70, and JJ71) (b) package 14 (flows JJ71 to JJ73 and flows 
JJ73 to JJ77). LS = lower Steens, US = upper Steens. 
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Package 14 
  Package 14 consists of upper Steens flows (JJ71-JJ77) with two sub-
packages (JJ71-JJ73 and JJ73-JJ77). JJ71 and JJ73 were used for the parents and JJ73 
and JJ77 were the daughter magmas of the respective sub-package model trends (Figure 
55 b). Recharge (Mro = 0.35) and assimilation (X = 0.25) yielded the best-fit trend for 
sub-package 1. Assimilation (X=0.1) yielded the best-fit trend for sub-package 2 (Table 
14). Mc are 0.71 and 0.54, respectively (Table 16).  Ma* are 0.35 and 0.73, XMa* is 
small in both cases (0.09 and 0.07), and Men for sub-package 1 is small (0.05; Table 16). 
Package 15 
 Package 15 consists of upper Steens flows (JJ77-JJ82) with two sub-packages 
(JJ77-JJ80 and JJ80-JJ82). JJ77 and JJ80 were used for the parents and JJ80 and JJ82 
were the daughter magmas of the respective sub-package model trends (Figure 56 a). 
Recharge (Mro = 0.17) and assimilation (X = 0.01) yielded the best-fit trend for sub-
package 1 and assimilation (X=0.44) yielded the best-fit trend for sub-package 2 (Table 
14). Mct are 0.52 and 0.54, respectively (Table 16). Ma * is 0.83 and 0.73, XMa* is 0.01 
and 0.32, and Men is small (0.02) for sub-package 1 (Table 16). 
Package 16 
 Package 16 consists of upper Steens flows (JJ82-JJ83); JJ82 was used for the 
parent and JJ83 was the daughter magma of the package model trend (Figure 56 b). 
Assimilation (X = 0.09) yielded the best-fit trend (Table 14). Mct is 0.55, Ma* is 0.73, 
and XMa* is small (0.07; Table 16).  
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Figure 56. Plot of [Sr] ppm vs. 87Sr/86Sr data (Steens lavas; see Table 9 for isotope data 
and Table 5 for packages) and best fit result of EC-RAFC simulations (purple line) for (a) 
package 15 (flows JJ77 to JJ80 and flows JJ80 to JJ82) (b) package 16 (flows JJ82 to 
JJ83). LS = lower Steens, US = upper Steens. 
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Package 17 
 Package 17 consists of upper Steens flows (JJ83-JJ87) with two sub-packages (JJ 
83-JJ85 and JJ85-JJ87). JJ83 and JJ85 were used for the parents and JJ85 and JJ87 were 
the daughter magmas of the respective sub-package model trends (Figure 57 a). 
Assimilation (X = 0.8) yielded the best-fit trend for sub-package 1 and recharge (Mro = 
0.21) yielded the best-fit trend for sub-package 2 (Table 14). Mct are 0.54 and 0.57, 
respectively (Table 16). Ma* is 0.73 and XMa* is 0.58 for sub-package 1. Men for sub-
package 2 is small (0.03; Table 16). 
Package 18 
 Package 18 consists of upper Steens flows (JJ87-JJ91); JJ87 was used for the 
parent and JJ91 was the daughter magma of the package model trend (Figure 57 b). 
Assimilation (X = 0.26) yielded the best-fit trend (Table 14). Mct is 0.54, Ma* is 0.73, 
and XMa* is 0.19 (Table 16).  
Package 19 
 Package 19 consists of upper Steens flows (JJ91-JJ95); JJ91 was used for the 
parent and JJ95 was the daughter magma of the package model trend (Figure 58). 
Recharge (Mro = 0.36) yielded the best-fit trend (Table 14). Mct is 0.68 and Men is small 
(0.05; Table 16). 
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Figure 57. Plot of [Sr] ppm vs. 87Sr/86Sr data (Steens lavas; see Table 9 for isotope data 
and Table 5 for packages) and best fit result of EC-RAFC simulations (purple line) for (a) 
package 17 (flows JJ83 to JJ85 and flows JJ85 to JJ87) and (b) package 18 (flows JJ87 to 
JJ91). LS = lower Steens, US = upper Steens. 
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Figure 58. Plot of [Sr] ppm vs. 87Sr/86Sr data (Steens lavas; see Table 9 for isotope data 
and Table 5 for packages) and best fit result of EC-RAFC simulations (purple line) for 
package 19 (flows JJ91 to JJ95). LS = lower Steens, US = upper Steens. 
 
Sensitivity Tests 
 For the results reported above, I did not vary the thermal parameters with the 
exception of the temperature of equilibrium (Teq). In order to investigate how changing 
certain thermal variables would affect the results of the models, I conducted a small 
number of sensitivity tests. Tests were done on a trend that used recharge (RFC) as the 
main process (Package 5, Flows JJ23-JJ28) and a package that used both recharge and 
assimilation (RAFC; Package 14, JJ71-73).  As shown in Table 17, I decreased the Tl,m 
(from 1220°C to 1150°C) and Tro (from 1250°C to 1220°C) for package 5.  
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 Test 1 indicates the changes to Teq (from 975°C to 948°C) input needed to 
reproduce the best-fit result (Figure 59). Mct and the Men varied little (Table 17).  For 
package 14, Test 1, Tl,a decreased from 1170°C to 1100°C (Table 17). For Test 2, Tl,m 
(from 1220°C to 1195°C) and Tro (from 1250°C to 1225°C) were decreased. To 
reproduce the best-fit result for Test 1, X (from 0.25 to 0.19) and Mro (from 0.35 to 0.52) 
had to be adjusted. As a result, the Mct, Men, and Ma* increased (Table 17). To 
reproduce the best-fit result for Test 2 on the other hand, X and Mro remained the same 
as the master run and only Teq was adjusted (from 987°C to 976°C; Table 17 and Figure 
60). The results of the sensitivity tests indicate the thermal inputs for liquidus of magma 
and recharge magma do not affect the model results to a great degree (Mro remained 0.53 
for Test 1 in the RFC run, and Mro and X remained the same for Test 2 in the RAFC run 
(0.35 and 0.25, respectively).  
Package Teq                      Tl,m                             Tl,r                             Tr
o          Mao                      Mro                                                            Mc               Men Ma*              
Package 5                  
Flow JJ23-JJ28            
Master Run
975 1220 1250 1250 2.1 0.53 0.91 0.09 1.2
Package 5                  
Flow JJ23-28                   
Test  1
948 1150* 1220 1220 2.1 0.53 0.90 0.1 1.2
Sensitivity Test with RAFC Run
Package Teq                      Tl,m                             Tl,r                             Tr
o          Tl,a                          Ta
o                                    Mao                      X        Mro                                                           Mc Men Ma*  XMa*           
Package 14                          
Flows JJ71-73              
Master Run
987 1220 1250 1250 1170 750 1.6 0.25 0.35 0.71 0.05 1.0 0.25
Package 14                          
Flow JJ71-73              
Test 1
987 1220 1220 1250 1100* 750 1.5 0.19 0.52 0.79 0.07 1.40 0.27
Package 14                          
Flow JJ71-73               
Test 2
976 1195 1225 1225 1170 750 1.6 0.25 0.35 0.71 0.05 0.91 0.23
Sensitivity Test with Linear Recharge Run
* Thermal variables changed for sensitivity test. See Table RH for EC-RAFC terminology.
TABLE 17. SENSITIVITY TEST INPUTS AND OUTPUTS
TABLE 17. (CONTINUED)
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Figure 59. Sensitivity Test on Linear Recharge run. Plot of [Sr] ppm vs. 
87Sr/86Sr data (JJ transect; see Table 9 for isotope data; Table 5 for packages; 
Table 17 sensitivity test values). Also plotted are (1) best fit result of EC-
RAFC simulations i.e. Master Run and Test 1 for package 5 flows JJ23-JJ28. 
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 However, the wallrock liquidus temperature affects Mct (0.71 to 0.79), Ma*(1 
to1.4), and XMa* (0.25 to 0.2) to a great degree. Mro and X had to be adjusted (from 
0.35 and 0.25 to 0.52 and 0.19, respectively) Thus, the outputs models that required only 
recharge are fairly robust. The outputs of those models that include assimilation carry a 
large uncertainty and further examination and modeling is needed to better constrain the 
wallrock liquidus temperature. In addition, more sensitivity tests on the compositional 
parameters such as the Sr bulk distribution coefficient is needed to constrain the 
uncertainty associated those parameters. 
Figure 60. Sensitivity Test on RAFC run. Plot of [Sr] ppm vs. 87Sr/86Sr data (JJ 
transect; see Table 9 for isotope data; Figure 5 for packages; Table 17 sensitivity 
test values). Also plotted are (1) best fit result of EC-RAFC simulations i.e. 
Master Run, best-fit Test 1 and best-fit Test 2 for package 14 Flows JJ71-JJ73. 
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CHAPTER VI 
DISCUSSION 
 Based on computational modeling results and whole-rock major- and trace-
element, and Sr, Nd, and Pb isotope data for two stratigraphically controlled transects of 
Steens lavas, constraints on the dominant processes that contributed to the chemistry of 
the magmatic system(s) as well as insight into the minimum mass of mantle and crustal 
contributions have emerged. Hypothetical magma behaviors, defined by different 
combinations of dominant open system processes and crystal entrainment, are proposed 
to explain patterns in the compositional data displayed by both the JJ and Kiger Gorge 
transects. Integration of EC-RAFC modeling results with these magma behaviors 
highlights the complex nature of these processes and also underscores particular 
modeling limitations.  
EC-RAFC Models 
Constraints on Mantle and Crustal Source Components 
 To reproduce the variations in the whole rock major, trace element, and isotopic 
data, Wolff and Ramos (2013) endorsed the hypothesis that parental melts to the Steens 
lavas are derived from a mixture of Imnaha Component (IC) and depleted mantle. 
Brandon et al. (1993) and Wolff and Ramos (2013) also supported the suggestion that 
mantle-derived magmas are contaminated by young accreted terrain. Accreted terrains 
are too young to have strong Nd and Pb isotope contrasts, such as observed in cratonic 
crust that lies east of the 87Sr/86Sr = 0.706 line. However, strontium isotopes “may exhibit 
measurable radiogenic ingrowth over the short timescales, especially in strongly evolved 
rocks with high Rb/Sr,” which has been the case for the Mesozoic accreted terranes 
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[Wolff and Ramos, 2013]. Thus, with relatively high 87Sr/86Sr and trace element ratios 
such as Ba/Ta and La/Th along with decreasing MgO from lower to upper Steens, it is 
hypothesized that the assimilant is the accreted terrane crust [Brandon et al., 1993]. 
Below, I discuss the nature of the mantle and crustal during the evolution of the system 
shown by the successful EC-RAFC modeling.  
 As shown by Table 13, little to no variation in thermal parameters is required to 
successfully model the Sr and 87Sr/86Sr from the first package of the lower Steens flows 
to the last package of the upper Steens flows. The initial temperature of the crust is likely 
characteristic of middle to lower crust (~750°C) or of upper crust that has been 
“thermally primed.” The standing magma liquidus temperature of 1220°C as well as the 
recharge liquidus temperature (1250°C) was modeled as constant from the lower to upper 
Steens. I recognize that the Steens magmatic system evolved compositionally and thus 
the magma liquidus must have evolved too. Yet, according to the results of the sensitivity 
tests (Tables 17), the modeling outcomes are not sensitive to the magma liquidus and 
recharge liquidus temperatures. Therefore, the approximations made in the modeling 
where the thermal parameters were kept constant are justified.  
As presented in Chapter V, the range of Sr concentration and 87Sr/86Sr used for 
wallrock is consistent with a crustal subsystem dominated by Mesozoic accreted terranes 
(e.g., amphibolite), which supports the hypotheses of Brandon et al. (1993) and Wolff 
and Ramos (2013) (Figure 61). The range of Sr concentration and 87Sr/86Sr (0.7028-
0.7033) used for the recharge magma for best fit models is consistent with the 
hypothesized depleted mantle component of Brandon et al. (1993), Wolff and Ramos 
(2013), Carlson (1984), and Camp et al. (2013) (Figure 61). The 87Sr/86Sr of the 
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assimilant used in the best fit models exhibits moderate variations between modeled 
packages from lower Steens to upper Steens, whereas the 87Sr/86Sr of the recharge magma 
displays smaller variations between the packages from lower to upper Steens (Figure 62).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 61. Plot of the Sr concentration and Sr-isotope signature of the recharge 
magma and assimilant used to produce the best-fit results for the 19 packages. 
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 This suggests that the crustal component may be more heterogeneous than the 
mantle components. Sensitivity tests show that the liquidus temperature of the assimilant 
has a significant effect (Table 17) on the estimated masses of crustal and mantle input. 
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Thus, the assumption of constant wallrock liquidus temperature implies that the wallrock 
bulk composition was not significantly different between lower and upper Steens. This in 
turn implies that the magma system must have shoaled in order to provide new 
amphibolite melt. Only 10-20% felsic anatectic melt can be extracted from amphibolite, 
so the magma must be exposed to fresh wall rock [Beard and Lofgren, 1989, 1991]. We 
presume that this reflects upward growth, or shoaling, of the magmatic system. Future 
modeling with the Magma Chamber Simulator (Bohrson et al. (2014)) will be able to test 
this assumption.  
 The Sr bulk distribution coefficient (Table 15) of the standing magma, recharge 
magma, and wallrock is typically incompatible for most of the packages, although some 
lower and upper Steens packages require Sr to behave compatibly in standing magma, 
recharge magma, and wallrock. These fluctuations are most likely due, in part, to the 
variable importance of plagioclase in the crystallizing and/or entrained mineral 
assemblage. Further analysis is needed to fully understand the potential significance of 
the range of values.   
 
Constraints on Mantle vs. Crustal Mass Input 
 
 
 Estimates of relative mass additions from mantle and crust into the Steens 
magmatic system as well as the mass of cumulates produced by the fractional 
crystallization were determined by calculating the sum of Mro (mantle component added 
to the system; normalized), the sum of XMa* (amount of crustal input; normalized), and 
the sum of Mct from the bottom to the top of the JJ transect. As shown in Table 18, the 
minimum total normalized mass contributions for mantle (i.e., recharge) decrease from 
145 
 
lower Steens to upper Steens, but given the uncertainties in the mass calculations, no 
clear pattern of change can be definitely identified (Figure 63; 64).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE 18. MANTLE VS. CRUSTAL INPUT 
  LS* US Total 
Recharge 
input** 
3.6 2.5 6.1 
Assimilation 
input*** 
3.7 3.2 6.8 
Cumulates 
from 
fractional 
crystallization 
12.5 8.7 21.2 
* LS = lower Steens, US = upper Steens; ** Calculated as the sum of Mro (normalized) 
from Table 14;*** Calculated as the sum of XMa* (normalized mass ratios) from 
Table 16. Cumulates from fractional crystallization also sum of normalized Mct from 
Table 16. 
 
Figure 63. Plot of the lower Steens EC-RAFC packages vs. normalized mass 
ratios of Mro, XMa*, and Mct. Packages or sub packages that don’t employ either 
recharge or assimilation are plotted as zero.  
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 The mass of recharge magma introduced to the system (Mro; Figure 65 a) varies 
from relatively small events (Mro = ~0.45) to significantly larger one (Mro = ~1.2), but 
there is no systematic trend from lower to higher in the section. This suggests that 
systematic changes in mantle input (e.g., decreasing input from mantle upsection) did not 
occur. The mass of enclaves produced from interaction between the recharge magma and 
host magma is fairly small (between 0 and 0.1; Figure 66). Thus, the modeling suggests 
the enclaves produced during the evolution had minimal impact on the system due to this 
Figure 64. Plot of the upper Steens EC-RAFC packages vs. normalized mass ratios 
of Mro, XMa*, and Mct. Packages or sub packages that don’t employ either 
recharge or assimilation are plotted as zero.  
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small contribution, and this suggestion is tentatively supported by the lack of enclaves 
seen in Steens flows.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 65. (a) 19 EC-RAFC packages vs. mass of recharge magma added during RAFC 
event (Mro). The flows that do not employ either recharge or assimilation are plotted as 
zero. In plot a, the y-axis does not start at 0 in order to clearly see the variations. (b) Plot 
of the 19 EC-RAFC packages vs. amount of cumulates removed by fractional 
crystallization (Mct) from the standing magma. 
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 For both lower and upper Steens, the crustal input (i.e., mass of anatectic melt 
added to the system, Figure 66) is sub-equal, and it is sub equal to the mass of recharge 
input. It follows that if the wall rock temperature were assumed to be raised over a broad 
area with progressive magmatism, the amount of recharge which in turn contributes to the 
energy supporting assimilation could be less. The recharge values in this simulation are 
thus taken to be high. Like recharge, there is no clear pattern of increasing or decreasing 
mass of crustal input from packages 1 to 19.  An interesting observation regarding the 
mass results for crustal assimilation is that the upper Steens is more evolved and has (in 
general) more radiogenic Sr.  Thus, to achieve more radiogenic signatures compared to 
the lower Steens requires that the parental magmas in the upper Steens magmatic system 
have higher 87Sr/86Sr than parents of the lower Steens.  I interpret this as the result of a 
growing magma system in which the baseline of the resident magma is slowly shifted and 
the volume potentially reduced, so that the resident magma is not only more 
contaminated, but also becomes more sensitive to contamination. 
 
As shown in Table 18 and Figure 65 b, Mct from the whole system is large, 
consistent with an evolving system and the required involvement of anatectic melt. 
Interestingly enough, the total mass of cumulates produced in the lower Steens packages 
is significantly higher (12.5) compared the mass of cumulates produced in the upper 
Steens packages (8.7). While further sensitivity tests are needed to fully investigate the 
uncertainties in these masses, this difference may be a reflection of the evolving 
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conditions of temperature and composition during the Steens magmatic event(s); if lower 
Steens magmas underwent more crystallization, then this may imply that the temperature  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 66. (a) Plot of the 19 EC-RAFC packages vs. mass of enclaves (Men) when a 
recharge event was employed in the models. (b) EC-RAFC packages vs. mass of 
anatectic melt added to the system. The flows that do not employ either recharge or 
assimilation are plotted as zero. 
 
contrast between crust and magma was higher than those associated with upper Steens. 
Since crystallization is primarily a response to heat transfer, perhaps the lower 
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crystallization masses associated with upper Steens is evidence of crustal thermal priming 
and that substantial new mass is added to the crust through crystal formation. This 
significant total mass of cumulates derived by modeling is consistent with the 
interpretations of Eagar et. al. (2011) and Carlson and Hart (1987), both of whom 
hypothesized a zone of both slightly thickened crust and anomalously low Poisson’s ratio 
in the area surrounding the Steens escarpment. A mid-crustal cumulate pile ~3 km thick 
is suggested to be the cause. Thus crystal entrainment are considered a major component 
alongside recharge and assimilation for the hypothesized magma behaviors to be 
discussed below in the next section. 
Magma Behaviors 
 Based on the stratigraphic plots of the select major and trace elements discussed 
in Chapter IV, I identified four main magma behaviors that appear in the JJ and Kiger 
Gorge transects. Specifically, the hypotheses about magma behaviors were based on flow 
by flow analyses of patterns of behaviors of MgO, Al2O3, CaO, La, Nb, Zr, Eu, Sr, 
87Sr/86Sr, and phenocryst modal abundances (Table 6 and 7 and Appendix B). The 
magma behaviors are defined by variable combinations of dominant magma processes, 
including magma recharge, crustal assimilation, and entrainment of crystals. Fractional 
crystallization is important to all the magma behaviors, therefore is not discussed in 
detail. Below I discuss each magma behavior hypothesis and connect each one to the EC-
RAFC modeling results. 
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Magma Behavior 1: Recharge Accompanied by Variable Crystal Entrainment  
 As displayed in Table 19 and Appendix B, the major elements MgO, Al2O3, and 
CaO typically increase from one flow to the next, with the exception of MgO, which 
decreases in a few flows (that is, from the lower to upper flow). Compatible elements Ni 
and Cr increase for some flows and decrease for others. Incompatible elements (La, Nb, 
Eu, and Zr) all decrease. Sr, however, increases for all the flows. The flows with Sr 
isotope data that pertain to this magma behavior category exhibit 87Sr/86Sr increasing 
from the flow below to the flow stratigraphically above except for one flow in which 
87Sr/86Sr decreases. The flows included in this behavior type are (1) plagioclase phyric, 
(2) olivine phyric, (3) plagioclase and olivine phyric, and (4) sparsely phyric flows. 
Magma Behavior (MB) 1 is interpreted to appear three times in the lower Steens flows 
and nine times in upper Steens flows of the JJ transect. It appears only once in the Kiger 
Gorge transect (Table 20). Thus, MB1 appears more frequently in the upper Steens flows 
(Table 21). The best-fit models that corresponded with the flows of MB1 (package 1: JJ1-
JJ2, package 9: JJ53-JJ54, and package 16: JJ82-JJ83) (Table 22) exhibit variable Sr 
isotope behavior with only one (JJ1-JJ2) capturing a “typical” recharge event (i.e., 
decreasing in 87Sr/86Sr) with assimilation needed at the end of the run. The other two 
packages require assimilation (i.e., increasing 87Sr/86Sr). Based on the analysis of the 
oxides, elements, and mineral assemblages discussed above, the main processes that 
define this first magma behavior (MB1) are recharge of a more mafic magma with 
entrainment of crystals.  
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Flows Magma Behaviors
KG1-KG2 MB2
KG2-KG3 MB4
KG3-KG4 *Minor
KG4-KG5 MB4
KG5-KG6 MB2
KG6-KG7 MB4
KG7-KG8 MB1
KG8-KG9 MB3
KG9-KG10 MB4
KG10-KG11 Minor
KG11-KG12 MB4
KG12-KG13 MB2
KG13-KG14 Minor
KG14-KG15 Minor
KG15-KG16 MB3
TABLE 20. KIGER GORGE 
*MB1 = Magma Behavior 1; MB2-5 
154 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Flows Magma Behaviors
JJ1-JJ2 *MB1
JJ2-JJ3 MB3
JJ3-JJ4 MB2
JJ4-JJ5 MB4
JJ5-JJ6 MB2
JJ6-JJ7 MB3
JJ7-JJ8 MB2
JJ8-JJ9 MB3
JJ9-JJ10 **Minor
JJ10-JJ11 Minor
JJ11-JJ12 Minor
JJ12-JJ13 MB4
JJ13-JJ14 MB2
JJ14-JJ15 MB2
JJ15-JJ16 MB2
JJ16-JJ17 MB4
JJ17-JJ18 Minor
JJ18-JJ19 MB3
JJ19-JJ20 Minor
JJ20-JJ21 MB4
JJ21-JJ22 Minor
JJ22-JJ23 MB2
JJ23-JJ24 MB4
JJ124-JJ25 MB2
JJ25-JJ26 Minor
JJ26-JJ27 Minor
JJ27-JJ28 MB2
JJ28-JJ29 Minor
JJ29-JJ30 Minor
JJ30-JJ31 Minor
JJ31-JJ32 Minor
JJ32-JJ33 Minor
JJ33-JJ34 Minor
JJ34-JJ35 Minor
JJ35-JJ36 Minor
JJ36-JJ37 Minor
JJ37-JJ38 Minor
TABLE 21. JJ TRANSECT 
MAGMA BEHAVIORS
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JJ38-JJ39 Minor
JJ39-JJ40 Minor
JJ40-JJ41 Minor
JJ41-JJ42 Minor
JJ42-JJ43 Minor
JJ43-JJ44 MB4
JJ44-JJ45 MB2
JJ45-JJ46 MB3
JJ46-JJ47 MB2
JJ47-JJ48 Minor
JJ48-JJ49 MB2
JJ49-JJ50 Minor
JJ50-JJ51 MB3
JJ51-JJ52 MB2
JJ52-JJ53 MB2
JJ53-JJ54 MB1
JJ54-JJ55 MB4
JJ55-JJ56 Minor
JJ56-JJ57 Minor
JJ57-JJ58 Minor
JJ58-JJ59 MB4
JJ59-JJ60 Minor
JJ60-JJ61 MB2
JJ61-JJ62 MB2
JJ62-JJ63 MB4
JJ63-JJ64 MB1
JJ64-JJ65 MB4
JJ65-JJ66 MB1
JJ66-JJ67 MB4
JJ67-JJ68 MB1
JJ68-JJ69 MB2
JJ69-JJ70 MB4
JJ70-JJ71 MB2
JJ71-JJ72 MB4
JJ72-JJ73 Minor
JJ73-JJ74 MB1
JJ74-JJ75 Minor
TABLE 21. (CONTINUED)
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JJ75-JJ76 MB4
JJ76-JJ77 MB1
JJ77-JJ78 MB4
JJ78-JJ79 Minor
JJ79-JJ80 MB1
JJ80-JJ81 MB4
JJ81-JJ82 MB2
JJ82-JJ83 MB1
JJ83-JJ84 MB4
JJ84-JJ85 Minor
JJ85-JJ86 MB2
JJ86-JJ87 MB2
JJ87-JJ88 MB1
JJ89-JJ88 Minor
JJ88-JJ89 MB4
JJ89-JJ90 MB2
JJ90-JJ91 MB4
JJ91-JJ92 MB1
JJ92-JJ93 Minor
JJ93-JJ94 Minor
JJ94-JJ95 MB4
*MB1 = Magma Behavior 1; MB2-5 
= Magma Behavior 2-5.  **Minor = 
the size of the excursions between 
flows is less than 0.1
TABLE 21. (CONTINUED)
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TABLE 22. EC-RAFC MODEL SELECT INPUT, OUTPUT, AND MAGMA BEHAVIORS
Package 
# of 
model 
trends
Flows
Open 
system 
process/es 
used in EC-
RAFC
Mro                                                            Mc XMa*      
Magma 
Behaviors (MB1-
4) based on whole 
rock 
compositional 
data and 
petrography
1 1 JJ1-JJ2
Recharge/ 
Assimilation
0.1 0.59 0.05 MB1
JJ2-JJ3 Assimilation - 0.54 0.42 MB3
JJ3-JJ4
Recharge/ 
Assimilation
0.2 0.64 0.07 MB2
3 1
JJ4, JJ5, 
JJ9
Assimilation - 0.48 0.70 JJ4-5 = MB4                                                                  
JJ9-JJ12 Recharge 0.49 0.75 -
JJ12-JJ14 Assimilation - 0.54 0.42
JJ14-16 Assimilation - 0.44 0.03 MB2
JJ16-JJ17
Recharge/ 
Assimilation
0.4 0.67 0.08 MB4                                    
JJ17-JJ18 Assimilation - 0.52 0.08
No magma 
behavior given: 
minor excursion in 
major and trace 
elements
JJ18-JJ23 Assimilation - 0.54 0.19
JJ23-JJ28 Recharge 0.53 0.91 -
JJ28-JJ33 Assimilation - 0.54 0.16
JJ33-JJ43 Recharge 0.09 0.59 -
JJ43. JJ44, 
JJ45
Recharge/ 
Assimilation
0.24 0.59 0.54
JJ43-44 = MB4                                                                         
JJ44-45 = MB2  
JJ45-JJ46 Assimilation - 0.54 0.15 JJ45-46 = MB3
JJ46-JJ49 Recharge 1 1.17 -
7 1 JJ49-JJ50 Assimilation - 0.54 0.27
8 1 JJ50-JJ52 Recharge 0.36 0.77 -
2 2
4 2
5 7
6 3
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Package 
# of 
model 
trends
Flows
Open 
system 
process/es 
used in EC-
RAFC
Mro                                                            Mc XMa*      
Magma 
Behaviors (MB1-
5) based on whole 
rock 
compositional 
data and 
petrography
JJ52-JJ56 Assimilation - 0.54 0.51
JJ52-53= MB2                                                       
JJ53-54 = MB1                                                              
JJ54-55 = MB4                                                    
JJ55-JJ56= No 
magma behavior, 
minor variation   
JJ56-JJ57 Recharge 0.18 0.63 -
No magma 
behavior given: 
minor excursion in 
major and trace 
elements
JJ58-JJ59 Assimilation - 0.54 0.51 JJ58-59=MB4
JJ59, JJ61, 
JJ62, JJ65
Recharge 0.48 0.67 JJ61-62=MB2
11 1 JJ65-JJ67 Assimilation - 0.54 0.06
12 1 JJ67-JJ69 Assimilation - 0.65 0.73
13 1 JJ69-JJ71
Recharge/ 
Assimilation
0.9 1.07 0.53
JJ71-JJ73
Recharge/ 
Assimilation
0.35 0.71 0.09
JJ73-JJ77 Assimilation - 0.54 0.07
JJ77-JJ80
Recharge/ 
Assimilation
0.17 0.52 0.01
JJ80-JJ82 Assimilation - 0.54 0.32
JJ80-JJ81=MB4                 
JJ81-JJ82=MB2
16 1 JJ82-JJ83 Assimilation - 0.55 0.07 MB1
JJ83-JJ85 Assimilation - 0.54 0.58
JJ85-JJ87 Recharge 0.21 0.57 -
18 1 JJ87-JJ91 Assimilation - 0.54 0.19
19 1 JJ91-JJ95 Recharge 0.366 0.68 -
9 2
10 2
17 2
TABLE 22.  (CONTINUED)
14 2
15 2
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As illustrated in Figure 67, I hypothesize that there is recharge of a more primitive 
melt into the magmatic system that disrupts plagioclase and olivine crystals that have 
formed earlier and can thus be considered antecrysts. This mafic magma ascends through 
the magmatic system, entraining variable assemblages of crystals.  The process of 
recharge of a more mafic melt accounts for the increase in major elements that are more 
abundant in more mafic rocks (e.g., MgO, CaO, Ni, and Cr) and the decrease in 
incompatible elements (e.g., La, Nb, Zr, and Eu). Additionally, through a convective 
action, the standing magma picks up and incorporates the crystals and the addition of said 
crystals dominated by plagioclase and olivine will enhance concentrations of oxides and 
elements such as CaO, MgO, Ni, etc. The flows that exhibit decreases in MgO, Ni, or Cr 
are flows identified as plagioclase phyric and thus, perhaps these changes are a result of 
dilution due to addition of oxides that are in high concentration in plagioclase. 
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Figure 67. Graphic representation of MB1. Not to scale. Blue and green blebs 
indicate plagioclase and olivine cumulate piles. Blue ‘X’ represent plagioclase 
minerals, green ‘X’ represent olivine. Shown is one type of lava flow produced—
olivine and plagioclase phyric flows—however, this behavior also produces 
plagioclase phyric, olivine phyric, and sparsely phyric flows. 
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 The increase in Sr can be explained by mafic recharge coupled with the 
entrainment of plagioclase crystals. The modal abundances and moderate to large size of 
plagioclase and olivine phenocrysts in flows associated with MB1, along with the trends 
of the major and trace elements, indicate interaction with crystals in the magmatic system 
had a strong influence on the final geochemical characteristics of these flows. However, 
the textures of the Steens plagioclases are still under investigation by the team and there 
is mounting evidence that substantial plagioclase growth may have occurred during flows 
and thus impact the hypotheses that crystals influence the final geochemical 
characteristics of the flows [A. Grunder, pers. communication].  
Since most of the best fit EC models for MB1 (e.g., JJ1-JJ2, JJ53-JJ54, and JJ82-
JJ83) apply assimilation rather than recharge to achieve the best-fit trend, how can the EC 
assimilation-dominated models be reconciled with the apparent dominance of recharge 
and entrainment suggested by some major and trace elements? Two possibilities seem 
likely. The increase in 87Sr/86Sr could indicate more radiogenic recharge magma; 
alternatively, the crystals could be the source of the more radiogenic 87Sr/86Sr. The higher 
signature housed in the crystals likely records a previous AFC event. Thus, the whole-
rock 87Sr/86Sr signature may preserve a record of recharge and radiogenic crystal 
entrainment; this hypothesis can be tested by microsampling of crystals for Sr isotopes. A 
puzzling aspect of this behavior type is that in all cases where Sr isotopes increase, 
whole-rock 143Nd/144Nd also increases. Because the isotope systems are typically 
negatively correlated, this positive correlation suggests the Sr and Nd mass balance may 
be controlled by different processes. The differences between the EC-RAFC modeling 
results and the behavior of major and trace elements and Nd isotopes, and abundance of 
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crystals in the flows highlights the complexity of the system and a model limitation that 
EC-RAFC only models with 100% melt and cannot model crystal interaction with the 
standing and recharge magmas. Therefore the system’s complexity suggested by the EC-
RAFC modeling results and the behavior of major and trace elements and Nd isotopes 
can be further investigated using the Magma Chamber Simulator (MCS) (Bohrson et al. 
(2014), which quantifies the major and trace element, phase equilibria, and isotope 
consequences of open-system magma processes.  
Magma Behavior 2: Recharge Accompanied by Magma Mixing and Variable Crystal 
Entrainment 
 For this category the select major and trace elements display similar behavior to 
MB1. The select major elements MgO, Al2O3, and CaO exhibit variable behavior from 
one flow to the next, with the exception of a few flows where MgO, Al2O3, and CaO all 
increase (again, from the lower to upper flow) (Table 19 and Appendix B). Compatible 
elements Ni and Cr generally increase, with the exception of flows where either both Ni 
and Cr decrease, Ni increases and Cr decreases, or Ni decreases and Cr increases. 
Incompatible elements (La, Nb, Eu, and Zr) generally all decrease, with the exception of 
3 flows in which either Nb increases or Zr increases in concentration. Nearly half the 
flows of this category increase in Sr, whereas the rest exhibit a decrease in the 
concentration of Sr. Three flows with Sr isotope data that pertain to this magma behavior 
category exhibit 87Sr/86Sr increasing from the flow below to the flow stratigraphically 
above. Three other flows exhibit 87Sr/86Sr decreasing or buffered (i.e., no change) 
behavior. The flows included in this behavior type are (1) plagioclase phyric, (2) olivine 
phyric, (3) olivine and plagioclase phyric, (4) plagioclase and clinopyroxene phyric, (5) 
clinopyroxene phyric, and (6) sparsely phyric flows. Also, crystals especially plagioclase 
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crystals in the flows of this category that display various disequilibrium textures. Magma 
Behavior (MB) 2 is interpreted to appear 13 times in the lower Steens flows and eight 
times in upper Steens flows of the JJ transect.  MB2 appears three times in the Kiger 
Gorge transect (Table 20). Thus, MB2 is more apparent in the lower Steens than the 
upper Steens (Table 21).  
 The best-fit EC-RAFC models that corresponded with the flows of MB2 (package 
2: JJ3-JJ4, package 5: JJ14-JJ16, package 6: JJ44-JJ45, package 9: JJ52-53, package 10: 
JJ61-JJ62, and package 15: JJ81-JJ82) exhibit variable isotope behavior, with several 
modeled packages capturing a recharge event as shown by mixing of a less radiogenic 
recharge magma with the standing magma. Other packages required assimilation of more 
radiogenic wallrock. However, like MB1, based on the analysis of the oxides, elements, 
and mineral assemblages, the second magma behavior (MB2) is dominated by recharge 
accompanied by magma mixing and variable cumulate entrainment.  
As illustrated in Figure 68, similar to MB1, my hypothesis is that there is recharge of 
a more primitive melt into the magmatic system, and this relatively mafic magma mixes 
with the standing magma; in addition, entrainment of variable assemblages of crystals 
occurs with the influx of new magma, the system has the energy to pick up crystals that 
have fractionated out of the standing magma. Again, the process of recharge of a more 
mafic melt accounts for the increase in major elements that are more abundant in more 
mafic rocks (e.g., MgO, CaO, Ni, and Cr) and the decrease in incompatible elements 
(e.g., La, Nb, Zr, and Eu). The addition of varying amount of clinopyroxene, plagioclase, 
and olivine in the flows will enhance concentrations of certain oxides and elements (e.g., 
MgO, Al2O3, Cr, Sr, etc.). The characteristics of this package is seen in six different types 
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of flows from crystal phyric to sparsely phyric flows which display several types of 
disequilibrium textures and exhibit variable behavior in the plotted major and trace 
elements. With recharge induced magma mixing, the host magma is more likely to buoy 
or entrain more cumulates than with just convective mixing. In addition, with continued 
fractionation of plagioclase, olivine and clinopyroxene, the flows produced would exhibit 
major element and trace element variability within the category. Thus, as displayed by 
the variability of the observations, interaction and magma mixing with cumulate piles in 
the magmatic system also had a strong influence on the final geochemical characteristics 
of these flows.  
One best-fit model employed recharge (package 10: JJ61-JJ62). Two best-fit 
models employed recharge and assimilation (package 2: JJ3-JJ4 and package 6: JJ44-
JJ45). The last three best-fit models pertaining to this category only employed 
assimilation (package 5: JJ14-JJ16, package 9: JJ52-53, and package 15: JJ81-JJ82) to 
achieve the best-fit result with the observed data, not capturing the “typical” recharge. 
Several possible explanations exist to reconcile the apparent contradiction between the 
dominance of recharge and entrainment suggested by the petrography and select whole-
rock data and the assimilation-dominated (more radiogenic 87Sr/86Sr) EC-RAFC models. 
Considering the abundance of different phenocryst phases present in this category, it is 
possible that the crystals could be the source of the more radiogenic 87Sr/86Sr (recording 
previous AFC events). Thus, the whole-rock 87Sr/86Sr signature would preserve a record 
of recharge and radiogenic crystal entrainment; like above, this hypothesis can be tested 
by microsampling of crystals for Sr isotopes.  
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Figure 68. Graphic representation of MB2. Not to scale. Blue and green blebs 
indicate plagioclase and olivine cumulate piles. Blue ‘X’ represent plagioclase 
minerals, green ‘X’ represent olivine, and purple ‘X’ represent clinopyroxene. 
Shown is one type of lava flow produced— plagioclase and clinopyroxene phyric 
flows —however, this behavior also produces plagioclase phyric flows, 
clinopyroxene phyric flows, olivine and plagioclase phyric, and sparsely phyric 
flows.  
166 
 
Of these three packages modeled as assimilation dominated (i.e., Sr isotopes 
increase), two of the three exhibit an increase in whole-rock 143Nd/144Nd, and one 
(package 9) displayed decreasing whole-rock 143Nd/144Nd. The variability in the 
correlation between the isotope systems suggests variability in the different processes that 
control the Sr and Nd mass balance. The complexity system is also highlighted by this 
category as well as the same modeling limitation stated for MB1. Further investigation 
using MCS is required to account for the positive and negative Sr and Nd correlations. In 
addition, considering the variability in characteristics of these packages and 
disequilibrium textures in the crystals, further investigation using Nomarski differential 
interference contrast (NDIC) images, and in situ major and trace element and isotopic 
data from plagioclase and clinopyroxene is required to constrain the how and time scales 
of magma mixing. 
Magma Behavior 3: Recharge Accompanied by Assimilation 
 The flows pertaining to this category exhibit combinations of increasing and 
decreasing major elements MgO, Al2O3, and CaO, with the exception of two flows where 
the select major elements all decrease. Compatible elements Ni and Cr both either 
increase or decrease for certain flows, or show a combination of increasing and 
decreasing concentrations (e.g. Ni↓ Cr↑). The incompatible elements (La, Nb, Eu, and 
Zr) all increase. The concentration of Sr of all the flows decreases from the lower flow to 
the flow stratigraphically above. Two of the three flows with Sr isotope data that pertain 
to this magma behavior category exhibit 87Sr/86Sr increasing from the flow below to the 
flow stratigraphically above whereas exhibit decreasing 87Sr/86Sr. The flows produced are 
plagioclase and clinopyroxene phyric and sparsely phyric flows.  Magma Behavior (MB) 
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3 is interpreted to appear 6 times in the lower Steens flows of the JJ transect and twice in 
the Kiger Gorge transect (Table 20).  Thus, MB3 is more apparent in the lower Steens 
flows (Table 21).  
  The two best-fit models that corresponded with the flows of MB3 (package 2: 
JJ2-JJ3 and package 6: JJ45-JJ46) (Table 20) exhibit Sr isotope behavior that captures 
assimilation (i.e., increasing in 87Sr/86Sr). Based upon the analysis of the oxides, 
elements, and mineral assemblages discussed above, the main processes that define this 
magma behavior (MB3) are recharge of a more mafic magma accompanied by 
incorporation of partial melt of wall rock (assimilation). As illustrated in Figure 69, my 
hypothesis is there is recharge of a more primitive melt into the magmatic system; there 
is also evidence of assimilation, and thus perhaps the recharge event enhanced 
assimilation. The process of recharge of a more mafic melt accounts for the increase in 
major elements that are more abundant in more mafic rocks (e.g., MgO, CaO, Ni, and 
Cr). Assimilation of surrounding wall rock may account for the decrease in certain major- 
and trace-elements for certain flows (MgO, Al2O3, CaO, and Ni; although crystal 
fractionation might account for this too) as well as the increase in select incompatible 
trace elements increase (La, Nb, Eu, and Zr). The two flows with Sr isotope data display 
increasing 87Sr/86Sr, which is indicative of assimilation of more radiogenic wallrock. The 
decrease in bulk Sr can be explained by recharge of a low Sr-magma and/or dilution due 
to assimilation. The number of sparsely phyric flows associated with MB3, along with 
the trends of the major and trace elements and textural evidence (e.g. sieve textures 
apparent in plagioclase crystals) suggest crystal resorption played a large role for these 
flows.   
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Figure 69. Graphic representation of MB3. Not to scale. Blue, green, and purple blebs 
indicate plagioclase, olivine, and clinopyroxene cumulate piles. Blue ‘X’ represent 
plagioclase minerals, green ‘X’ represent olivine, and purple ‘X’ represent 
clinopyroxene. Shown is the one type of lava flow produced; sparsely phyric flows. 
 
169 
 
Two best-fit models employed only assimilation (package 2: JJ3-JJ4 and package 
6: JJ45-JJ46); they did not require involvement of a “typical” recharge event. Thus, I 
pose the same question: how can both the recharge event and assimilation event 
suggested by the petrography and select whole-rock data be reconciled with the 
assimilation-dominated (more radiogenic 87Sr/86Sr) EC models? The simplest 
reconciliation is that the Sr mass balance is dominated by the assimilant.  Other 
possibilities also exist. In addition to the assimilation event, perhaps some mineral phases 
were resorbed, imparting a “recharge” signature to these samples. Another EC-RAFC 
modeling limitation arises in addition to the limitation brought up in MB1 and MB2: EC-
RAFC cannot model a crystal-bearing assimilant. However, MCS can investigate a 
crystal-bearing assimilant to see if it reproduces the observed geochemical data and 
modal abundances for the flows of this category. In addition, microsampling plagioclase 
and clinopyroxene for Sr isotopes may reveal a record of a recharge event. By analyzing 
the core and rims of unresorbed and partially resorbed plagioclase crystals found in the 
flows and comparing the values to the groundmass and whole rock values, we can 
observe the history of crystallization, possibly overgrowth and possibly even more 
resorption for the plagioclase crystals. Thus, textural analyses and in situ major and trace 
element analyses are needed to better understand the extent of resorption in the magmas.   
 
Magma Behavior 4: Assimilation Accompanied by Magma Mixing and Crystal 
Entrainment 
Select major elements MgO, Al2O3, and CaO generally decrease with the 
exception of a few flows in which either Al2O3, or CaO increase. Ni and Cr decrease. The 
incompatible elements increase for all but one of the flows, where Nb, Eu, and Zr all 
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decrease in concentration (Table 19 and Appendix B). Nearly half the flows of this 
category increase in Sr, whereas the other half decrease. For the relevant flows, Sr 
isotopes generally increase from the lower to the upper flow (“typical” assimilation 
signature); there is one exception where 87Sr/86Sr decreases. The flows included in this 
magma behavior type are plagioclase phyric, clinopyroxene phyric, and sparsely phyric. 
Magma Behavior (MB) 4 is interpreted to appear 7 times in the lower Steens flows and 
13 times in upper Steens flows of the JJ transect. MB2 appears 5 times in the Kiger 
Gorge transect (Table 20). Thus, MB2 is more apparent in the upper Steens than the 
lower Steens (Table 21).  
 The best-fit models that corresponded with the flows of MB4 (package 3: JJ4-JJ5, 
package 5: JJ16-JJ17, package 6: JJ43-JJ44, package 9: JJ54-JJ55, package 10: JJ58-
JJ59, and package 15: JJ80-JJ81) (Table 22) exhibit Sr isotope behavior that is typical of 
assimilation (increasing in 87Sr/86Sr) of more radiogenic wallrock. There is one exception 
(package 5: JJ16-JJ17) where 87Sr/86Sr decreases. Based upon the analysis of the oxides, 
elements, and mineral assemblages discussed above, the main processes that define this 
magma behavior (MB4) are crustal assimilation with incorporation of variable cumulates 
and magma mixing. As illustrated in Figure 70, my hypothesis is the dominant process is 
crustal assimilation at the same time cumulates are mixed into the standing magma by 
way of convective magma mixing. Assimilation of surrounding wall rock along with 
fractional crystallization accounts for the decrease in certain major- and trace-elements 
for certain flows (MgO, Al2O3, CaO, and Ni) as well as the increase in select 
incompatible trace elements increase (La, Nb, Eu, and Zr).  Addition of plagioclase and 
clinopyroxene cumulates and even subsequent resorption (as seen by the sieve and 
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overgrowth textures of plagioclase in flows pertaining to this category) can account for 
the deviation of Al2O3, CaO, Ni, Zr, and Nb from the general behavior of the category.  
 Five out of the six best-fit models employed assimilation, and thus, the 
dominant process that affected this group is assimilation. There is one exception (package 
5: JJ16-JJ17) where 87Sr/86Sr decreased, and thus the EC-RAFC model required recharge. 
However, note that there is a negative correlation between whole-rock 87Sr/86Sr and 
143Nd/144Nd for package 5, and thus Nd isotopes also support an assimilation dominated 
magma system. Thus, the question is: Why is 87Sr/86Sr lower from the lower to upper 
flow?  Because these samples are phyric, perhaps incorporation of less radiogenic 
cumulates dominated the Sr mass balance. This magma behavior also highlights the same 
limitations of EC-RAFC modeling mentioned in MB1-4. In situ isotope analyses of 
crystals would be beneficial to find the range of isotopes of the crystals versus the whole 
rock. As suggested for the aforementioned magma behaviors, the complexity of the 
system suggested by the analytical and modeling results needs to be further investigated 
using MCS.  
This study presents whole rock major and trace element, strontium, neodymium, 
and lead isotope data, and EC-RAFC models to document the evolution of magmatic 
processes and provide constraints on the compositions and masses of mantle and crustal 
input to the Steens Basalt magmatic system. The processes of recharge, assimilation, and 
fractional crystallization are supported by the whole rock major and trace element and 
isotopic data, modeling, and select elemental data suggest a strong role for crystal 
entrainment.  
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Figure 70. Graphic representation of MB4. Not to scale. Blue, green, and purple blebs 
indicate plagioclase, olivine, and clinopyroxene cumulate piles. Blue ‘X’ represent 
plagioclase minerals, green ‘X’ represent olivine, and purple ‘X’ represent 
clinopyroxene. Shown is the one type of lava flow produced—plagioclase phyric 
flows—however, this behavior also produces clinopyroxene phyric flows and sparsely 
phyric flows. 
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CHAPTER VII 
CONCLUSIONS 
Upper and lower Steens range in composition from basalt to basaltic trachy-
andesite. Petrographic analysis shows the main phenocryst phases are plagioclase, 
clinopyroxene and olivine.  Plagioclase is the modally dominant mineral, appears all 
throughout the lower and upper Steens, and crystal textures include those that lack 
evidence of disequilibrium to those that exhibit heavy resorption and magma mixing 
textures (sieve, embayed, contain inclusions, fractured in appearance). Clinoypyroxene is 
found to be lacking in the lower Steens and then increases in modal abundance in the 
upper Steens flows. Textures of clinopyroxenes and olivine are sub-ophitic textures, 
crushed appearances, contain inclusions. The abundance of glomerocrysts of different 
phases, large plagioclase phenocrysts, and sub ophitic clinopyroxene attests to the 
importance of crystal fractionation and entrainment of crystals into the erupted magmas.   
Major and trace element data show that the Steens Basalt compositionally evolves 
from the lower Steens to the upper Steens flows. The lower Steens flows have an average 
composition of 49.46 wt. % SiO2 (SD = 0.7) and 7.7 wt. % MgO (SD = 1.73) and a Sr 
isotope signature of 0.7036 (SD = 0.00013), whereas the upper Steens flows have an 
average composition of 49.82 wt. % (SD = 1.6) SiO2 and 5.1 wt. % MgO (SD = 1) and a 
Sr isotope signature of 0.7038 (SD = 00013).   
Successful EC-RAFC models that reproduced the observed variations in Sr 
isotope and Sr concentration had: (1) Sr bulk distribution coefficients that were on 
average incompatible but ranged to compatible values (0.2-1.2); (2) anatectic melt Sr 
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concentration and 87Sr/86Sr values that ranged from 200-270 ppm and 0.704-0.705; and 
(3) recharge magmas with Sr concentration and 87Sr/86Sr values that ranged from 350-390 
ppm and 0.7028-0.7033. These values are consistent with previous studies that indicate 
the involvement of Pacific MORB as a mantle component (Wolff and Ramos (2013)) and 
amphibolite as a potential crustal lithology [Johnson and Grunder, 2000]. Interestingly 
enough, the signature of the Imnaha Component was not needed to successfully model 
the JJ transect. The total normalized mass of recharge (mantle input, Mro) is sub equal 
between the packages for the lower Steens (3.5) and upper Steens (2.5), as are the masses 
of assimilant added to the system (XMa*) for lower Steens (3.6) and upper Steens (3.2). 
This suggests that with little variation in the thermal conditions and with little change in 
the mantle and crustal geochemical inputs, one can use changing the balance in magma 
chamber processes to account for essentially all of the Sr composition and isotopic 
variability in the Steens Basalt. 
The normalized cumulates removed from the system by fractional crystallization 
is large (12.53 for lower Steens and 8.68 for the upper Steens). More specifically, since 
the lower Steens models yield higher normalized mass of cumulates from fractional 
crystallization compared to upper Steens, it suggests crustal thermal priming and that 
substantial new mass is added to the crust through crystal formation. The required 
assimilant 87Sr/86Sr does not change from lower Steens to upper Steens, thus the magma 
system likely shoaled to assimilate untapped, shallower crust. Despite clear evidence that 
upper Steens is compositionally more evolved than the lower Steens, EC-RAFC models 
results suggest that time-integrated changes in mass inputs from the mantle and crust did 
not significantly change.  
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 Reconciliation of the EC-RAFC mass results with the increasingly evolved upper 
Steens compositions may lie in the evolving nature of the host magma (standing magma). 
As the system ages, particularly given the large mass of modeled crystal fractionation, 
one possibility is that the residual magma that remains after eruption retains an 
increasingly evolved signature. Thus, despite evidence of recharge of more mafic and less 
radiogenic magma, residual magma becomes more crust-like and less mantle-like. Other 
options include: (1) cumulates that preserve more radiogenic Sr signatures are more 
vigorously incorporated into the system with time; and/or (2) a more radiogenic mantle 
component source became more dominant with time (however this option is not 
supported by the EC-RAFC modeling). The negative correlation between Sr and Nd 
isotope for some samples highlights the complexity of the system.  
Analysis of select major and trace elements and isotopic data of flow to flow 
variations upsection in the JJ and Kiger Gorge transects suggest four hypothetical magma 
behaviors: (1) recharge accompanied by crystal entrainment, (2) recharge accompanied 
by crystal entrainment and magma mixing, (3) recharge and assimilation, and (4) 
assimilation accompanied by crystal entrainment and magma mixing. While recharge, 
assimilation and fractional crystallization are supported by EC-RAFC results, on a flow 
by flow basis, the EC-RAFC results do not necessarily capture all of the processes 
hypothesized based on major and trace element analysis. For example, I hypothesize that 
crystal entrainment is likely a dominant process in the Steens magmatic system, and this 
suggestion is consistent with the large mass of crystals predicted by EC-RAFC results. 
These combined results highlight the limitations of EC-RAFC modeling and the complex 
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array of processes that contribute to compositional diversity. My results also provide a 
foundation for additional modeling, particularly with the MCS.  
Future Work 
 The data collected and modeling done on the Steens Basalt suggest many 
possibilities for future work on these flow. While the compositional and mass parameters 
for recharge and assimilation have been bracketed using Sr concentration and Sr isotopes, 
the thermal, mass, and compositional parameters need to be further constrained using 
more major and trace element data in addition to other isotopic systems. MELTS 
(Ghiorso and Sack (1995)) and MCS modeling (Bohrson et al. (2014)) would help better 
document the mass balance between the open and closed system processes, define the key 
thermal and compositional constraints, as well as refine the hypothesized magma 
behaviors. 
 Considering the normalized mass of cumulates produced from EC-RAFC 
modeling, further work on the different crystal populations is advised. Plagioclase is a 
dominant phase in these lavas. It is important to identify a range of crystal sizes among 
the samples, analyze major and trace element changes from core and rim, and microdrill 
the crystals for Sr isotopes. These data will document the relationship that plagioclase 
crystals have (e.g., phenocrystic, antecrystic, xenocrystic) with groundmass and whole 
rock. In addition, figuring out how much plagioclase are produced in chamber compared 
to in-flow growth will help constrain likely range of Sr bulk distribution coefficients to 
use for the magma chamber modeling. 
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 In addition, more analyses on the clinopyroxene and olivine crystals (specifically 
in situ major and trace, isotopic, and textural) would help document the conditions of the 
magmatic system at the time the crystals were formed. Because there are melt inclusions 
in plagioclase, clinopyroxene, and olivine crystals, more studies of these melt inclusions 
can elucidate pressures (i.e. depth of the magma reservoirs), compositions of parental 
melts, and degrees of contamination. 
 Finally, statistical methods are important to better understand the whole rock 
major and trace element and isotopic data in the transects [Pearce, 1976]. The Kmeans 
statistical method can help identify groups of patterns in the analytical data, and the 
results would enhance my understanding of the proposed magma behaviors [MacQueen, 
1967]. Running average is another statistical method that could document the upsection 
evolution of the average composition of the whole rock (i.e., from data point to data point 
or package to package). Lastly, more statistical methods are needed to find flows that 
might correlate between the JJ transect and Kiger Gorge transect. By finding flows that 
correlate between the two transects, a better understanding of vertical and lateral 
evolution of the magmatic system may emerge.  
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